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FOREWORD

In the Occupational Safety and Health Act of 1970 (Public Law 91-596 ), Congress declared that its 
purpose was to assure, so far as possible, safe and healthful working conditions for every working 
man and woman and to preserve our human resources. In this Act, die National Institute for 
Occupational Safety and Health (NIOSH) is charged with recommending occupational safety and 
health standards and describing exposure concentrations that arc safe for various periods of 
employment—including but not limited to concentrations at which no worker will suffer diminished 
health, functional capacity, or life expectancy as a result of his or her work experience. By means of 
criteria documents, NIOSH communicates these recommended standards to regulatory agencies 
(including the Occupational Safety and Health Administration [OSHA]) and to others in the 
occupational safety and health community.

Criteria documents provide die scientific basis for new occupational safety and health standards. 
These documents generally contain a critical review of the scientific and technical information 
available on the prevalence of hazards, the existence of safety and health risks, and the adequacy of 
control methods. In addition to transmitting these documents to the Department o f Labor, NIOSH 
also distributes them to health professionals in academic institutions, industry, organized labor, 
public interest groups, and other government agencies.

In 1972, NIOSH published Criteria for a Recommended Standard: Occupational Exposure to 
Noise, which provided the basis for a recommended standard to reduce die risk of developing 
permanent hearing loss as a result o f occupational noise exposure [NIOSH 1972]. NIOSH has now 
evaluated die latest scientific information and has revised some of its previous recommendations. 
The 1998 recommendations go beyond attempting to conserve hearing by focusing on preventing 
occupational noise-induced hearing loss (NIHL).

The NIOSH recommended exposure limit (REL) for occupational noise exposure (85 decibels, 
A-weighted, as an 8-hour time-weighted average [85 dBA as an 8-hr TWA]) was reevaluated using 
contemporary risk assessment techniques and incorporating the 4000-hertz (Hz) audiometric 
frequency in the definition of hearing impairment The new risk assessment reaffirms support for 
the 85-dBA REL. With a 40-year lifetime exposure at the 85-dBA REL, the excess risk of 
developing occupational NIHL is 8%—considerably lower than the 25% excess risk at die 90-dBA 
permissible exposure limit (PEL) currently enforced by the Occupational Safety and Health 
Administration (OSHA) and the Mine Safety and Health Administration (MSHA).

NIOSH previously recommended an exchange rate o f 5 dB for the calculation of time-weighted 
average (TWA) exposures to noise. However, NIOSH now recommends a 3-dB exchange rate, 
which is more firmly supported by scientific evidence. The 5-dB exchange rate is still used by 
OSHA and MSHA, but the 3-dB exchange rate has been increasingly supported by national and 
international consensus.



NIOSH recommends an improved criterion for significant threshold shift: an increase of 15 dB in 
the hearing threshold level (HTL) at 500, 1000, 2000, 3000, 4000, or 6000 Hz in either ear, as 
determined by two consecutive audiometric tests. The new criterion has the advantages of a high 
identification rate and a low false-positive rate. In comparison, the criterion NIOSH recommended 
in 1972 has a high false-positive rate, and the OSHA criterion (called the standard threshold shift) 
has a relatively low identification rate.

In contrast with the 1972 criterion, the new NIOSH criterion no longer recommends age correction 
on individual audiograms. This practice is not scientifically valid and would delay intervention to 
prevent further hearing losses in workers whose HTLs have increased because of occupational 
noise exposure. OSHA currently allows age correction only as an option.

The noise reduction rating (NRR) is a single-number, laboratory-derived rating that the 
U.S. Environmental Protection Agency (EPA) requires to be shown on the label o f each hearing 
protector sold in the United States. In calculating the noise exposure to the wearer o f a hearing 
protector at work, OSHA derates die NRR by one-half for all types o f hearing protectors. In 1972, 
NIOSH recommended the use of the full NRR value; however, in this document, NIOSH 
recommends derating by subtracting from the NRR 25%, 50%, and 70% for eaimuffs, formable 
earplugs, and all other earplugs, respectively. This variable derating scheme, as opposed to 
OSHA’s straight derating scheme, considers die performances of different types of hearing 
protectors.

This document also provides recommendations for die management o f hearing loss prevention 
programs (HLPPs) for workers whose noise exposures equal or exceed 85 dBA. The recommendations 
include program evaluation, which was not articulated in the 1972 criteria document and is not 
included in the OSHA and MSHA standards.

Adherence to the revised recommended noise standard will minimize die risk o f developing 
occupational NIHL.

Linda Rosenstock, MX)., M.P.H.
Director, National Institute for 

Occupational Safety and Health 
Centers for Disease Control and Prevention



ABSTRACT

This criteria document reevaluates and reaffirms the recommended exposure limit (REL) for 
occupational noise exposure established by the National Institute for Occupational Safety and 
Health (NIOSH) in 1972. The REL is 85 decibels, A-weighted, as an 8-hr time-weighted average 
(85 dBA as an 8-hr TWA). Exposures at or above this level are hazardous.

By incorporating the 4000-Hz audiometrie frequency into the definition of hearing impairment in 
the risk assessment, NIOSH has found an 8% excess risk of developing occupational noise-induced 
hearing loss (NIHL) during a 40-year lifetime exposure at the 85-dBA REL. NIOSH has also found 
that scientific evidence supports the use of a 3-dB exchange rate for the calculation of TWA 
exposures to noise.

The recommendations in this document go beyond attempts to conserve hearing by focusing on 
prevention of occupational NIHL. For workers whose noise exposures equal or exceed 85 dBA, 
NIOSH recommends a hearing loss prevention program (HLPP) that includes exposure 
assessment, engineering and administrative controls, proper use of hearing protectors, audiometrie 
evaluation, education and motivation, recordkeeping, and program audits and evaluations.

Audiometrie evaluation is an important component of an HLPP. To provide early identification of 
workers with increasing hearing loss, NIOSH has revised the criterion for significant threshold shift 
to an increase of 15 dB in the hearing threshold level (HTL) at 500, 1000, 2000, 3000,4000, or 
6000 Hz in either ear, as determined by two consecutive tests. To permit timely intervention and 
prevent further hearing losses in workers whose HTLs have increased because of occupational 
noise exposure, NIOSH no longer recommends age correction on individual audiograms.
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GLOSSARY

Where possible, die definition is quoted from the appropriate American National Standards 
Institute (ANSI) standard, ANSI Sl.1-1994 [ANSI 1994] or ANSI S3.20-1995 [ANSI 1995], 
under the tenn(s) used in that standard.

Audiogram: Graph o f hearing threshold level as a function o f frequency (ANSI S3.20-1995: 
audiogram).

Baseline audiogram: The audiogram obtained from an audiometric examination administered 
before employment or within the first 30 days of employment that is preceded by a period o f at least 
12 hr o f quiet The baseline audiogram is the audiogram against which subsequent audiograms will 
be compared for the calculation of significant threshold shift

Continuous noise: Noise with negligibly small fluctuations of level within the period of 
observation (ANSI S3.20-1995: stationary noise; steady noise).

Crestfactor: Ten times the logarithm to the base ten of the square of the wideband peak amplitude 
o f a signal to the time-mean-square amplitude over a stated time period. Unit, dB (ANSI 
S3.20-1995: crest factor).

Decibel (dB): Unit o f level when the base o f the logarithm is the 10th root o f 10 and the quantities 
concerned are proportional to power (ANSI Sl.1-1994: decibel).

Decibel, A-waghted (dBA): Unit representing the sound level measured with the A-weighting 
network on a sound level meter. (Refer to Table 4-1 for the characteristics o f the weighting 
networks.)

Decibel, C-weighted (dBC): Unit representing the sound level measured with the C-weighting 
network on a sound level meter. (Refer to Table 4-1 for the characteristics of the weighting 
networks.)

Derate: To use a fraction of a hearing protector’s noise reduction rating (NRR) to calculate the 
noise exposure of a worker wearing that hearing protector. (See NRR below.)

Dose: The amount o f actual exposure relative to the amount o f allowable exposure, and for which 
100% and above represents exposures that are hazardous. The noise dose is calculated according to 
the following formula:

d = [c y r i + c / T z + . . . + c y r j  x 100
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Where

Cn = total time of exposure at a specified noise level 
Ta = exposure time at which noise for this level becomes hazardous

Effective noise level: The estimated A-weighted noise level at the ear when wearing hearing 
protectors. Effective noise level is computed by (1) subtracting derated NRRs from C-weighted 
noise exposure levels, or (2 ) subtracting derated NRRs m inus 7 dB from A-weighted noise 
exposure levels. Unit, dB. (See Appendix.)

Equal-energy hypothesis: A hypothesis stating that equal amounts o f sound energy will produce 
equal amounts of hearing impairment, regardless of how the sound energy is distributed in time.

Equivalent continuous sound level: Ten times the logarithm to the base ten of the ratio of 
time-mean-square instantaneous A-weighted sound pressure, during a stated time interval Ty to the 
square o f die standard reference sound pressure. Unit, dB; respective abbreviations, TAV andTEQ; 
respective letter symbols, LATand ¿Aeqr(ANSI S I.1-1994: time-average sound level; time-interval 
equivalent continuous sound level; time-interval equivalent continuous A-weighted sound pressure 
level; equivalent continuous sound level).

Excess risk: Percentage with material impairment o f hearing in an occupational-noise-exposed 
population after subtracting the percentage who would normally incur such impairment from other 
causes in a population not exposed to occupational noise.

Exchange rate: An increment o f decibels that requires the halving of exposure time, or a decrement 
of decibels that requires the doubling of exposure time. For example, a 3-dB exchange rate requires 
that noise exposure time be halved for each 3-dB increase in noise level; likewise, a 5-dB exchange 
rate requires that exposure time be halved for each 5-dB increase.

Fence: The hearing threshold level above which a material impairment o f hearing is considered to 
have occurred.

Frequency: For a function periodic in time, the reciprocal o f the period. Unit, hertz (Hz) (ANSI 
S I.1-1994: frequency).

Hearing threshold level (HTL): For a specified signal, amount in decibels by which die hearing 
threshold for a listener, for one or both ears, exceeds a specified reference equivalent threshold 
level. Unit, dB (ANSI S I.1-1994: hearing level; hearing threshold level).

Immission level: A descriptor for noise exposure, in decibels, representing the total sound energy 
incident on the ear over a specified period of time (e.g., months, years).

Impact: Single collision of one mass in motion with a second mass that may be in motion or at rest 
(ANSI S I.1-1994: impact).

Impulse: Product o f a force and the time during which the force is applied; more specifically, 
impulse is the time integral o f force from an initial time to a final time, the force being
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Impulsive noise: Impulsive noise is characterized by a sharp rise and rapid decay in sound levels 
and is less than 1 sec in duration. For the purposes o f this document, it refers to impact or impulse 
noise.

Intermittent noise: Noise levels that are interrupted by intervals o f relatively low sound levels.

Noise: (1) Undesired sound By extension, noise is any unwarranted disturbance within a useful 
frequency band, such as undesired electric waves in a transmission channel or device. (2) Erratic, 
intermittent, or statistically random oscillation (ANSI S I.1-1994: noise).

Noise reduction rating (NRR): The NRR, which indicates a hearing protector’s noise reduction 
capabilities, is a single-number rating that is required by law to be shown on the label o f each 
hearing protector sold in the United States. Unit, dB.

Permanent threshold shift (PTS): Permanent increase in die threshold of audibility for an ear. 
Unit, dB (ANSI S3.20-1995: permanent threshold shift; permanent hearing loss; PTS).

Pulse range: Difference in decibels between die peak level o f an impulsive signal and the 
root-mean-square level o f a continuous noise.

Significant threshold shift: A shift in hearing threshold, outside the range o f audiometric testing 
variability (±5 dB), that warrants followup action to prevent further hearing loss. NIOSH defines 
significant threshold shift as an increase in the HTL o f 15 dB or more at any frequency (500,1000, 
2000,3000,4000, or 6000 Hz) in either ear that is confirmed for die same ear and frequency by a 
second test within 30 days o f the first test

Sound: (1) Oscillation in pressure, stress, particle displacement, particle velocity, etc. in a medium 
with internal forces (e.g., elastic or viscous), or die superposition of such propagated oscillations. 
(2) Auditory sensation evoked by die oscillation described above (ANSI S I.1-1994: sound).

Sound intensity: Average rate o f sound energy transmitted in a specified direction at a point 
through a unit area normal to this direction at die point considered Unit, watt per square meter 
(W /nr); symbol, I  (ANSI S I.1-1994: sound intensity; sound-cnergy flux density; sound-power 
density).

Sound intensity level: Ten times the logarithm to the base ten of the ratio o f die intensity of a given 
sound in a stated direction to die reference sound intensity of 1 picoWatt per square meter (pW/m2). 
Unit, dB; symbol, L (ANSI S I.1-1994: sound intensity level).

Sound pressure: Root-mean-square instantaneous sound pressure at a point during a given time 
interval. Unit, Pascal (Pa) (ANSI S I.1-1994: sound pressure; effective sound pressure).

tune-dependent and equal to zero before the initial time and after the final time (ANSI SI.1-1994:
impulse).

xrv
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Sound pressure level: (1) Ten times the logarithm to the base ten of die ratio of the 
time-mean-square pressure of a sound, in a stated frequency band, to the square of the reference 
sound pressure in gases o f 20 micropascals QxPa). Unit, dB; symbol, Lp. (2) For sound in media 
other than gases, unless otherwise specified, reference sound pressure in 1 jiPa (ANSI S I.1-1994: 
sound pressure level).

Temporary threshold shift: Temporary increase in die threshold of audibility for an ear caused by 
exposure to high-intensity acoustic stimuli. Such a shift may be caused by other means such as use 
o f aspirin or other drugs. Unit, dB. (ANSI S3.20-1995: temporary threshold shift; temporary 
hearing loss).

Time-weighted average (TWA): The averaging of different exposure levels during an exposure 
period. For noise, given an 85-dBA exposure limit and a 3-dB exchange rate, the TWA is calculated 
according to the following formula:

TWA = 10.0 x Log(D/100) + 85

where D = dose.

Varying noise: Noise, with or without audible tones, for which the level varies substantially during 
the period o f observation (ANSI S3.20-1995: nonstationary noise; nonsteady noise; time-varying 
noise).

xv
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Recommendations for a Noise 
Standard
The National Institute for Occupational Safety and Health (NIOSH) recommends the 
following standard for promulgation by regulatory agencies such as the Occupational 
Safety and Health Administration (OSHA) and die Mine Safety and Health Administra
tion (MSHA) to protect workers from hearing losses resulting from occupational noise 
exposure. If this recommended standard is promulgated by a regulatory agency, the 
mandatory and nonmandatory provisions of the standard are indicated by die words 
shall and should, respectively.

1.1 Recommended Exposure Limit (REL)
The NIOSH recommended exposure limit (REL) for occupational noise exposure encom
passes die provisions in Sections 1.1.1 through 1.1.4. The REL is 85 decibels, A-weighted, 
as an 8-hr time-weighted average (85 dBA as an 8-hr TWA). Exposures at and above this 
level are considered hazardous.

1.1.1 Exposure Levels and Durations
Occupational noise exposure shall be controlled so that worker exposures are less than 
the combination of exposure level (L) and duration (7), as calculated by the following 
formula (or as shown in Table 1-1).

480r(min)=^ -M)/3

where 3 = die exchange rate.

1.1.2 Time-Weighted Average (TWA)
In accordance with Section 1.1.1, the REL for an 8-hr work shift is a TWA of 85 dBA us
ing a 3-decibel (dB) exchange rate.

1.1.3 Daily Noise Dose
When the daily noise exposure consists o f periods of different noise levels, the daily 
dose (£>) shall not equal or exceed 100, as calculated according to the following 
formula:

CHAPTER f
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d = [ c , / r ,+ c jt 2 + . . .+ c y r j  x 100
where

C ^- total time o f exposure at a specified noise level, and
r ,  = exposure duration for which noise at this level becomes hazardous.

The daily dose can be converted into an 8-hr TWA according to die following formula 
(or as shown in Table 1-2):

TWA = 10.0 x LogCD/100) + 85

Table 1-1. Combinations of noise exposure levels and 
durations that no worker exposure shall equal or exceed

Exposure 
level, £  
(dBA)

D eration, T
Exposore 

level, £  
(dBA)

D iration, T

H oars M hotes Seconds Hoars M lnntes Seconds

80 25 24 — 106 _ 3 45
81 20 10 — 107 — 2 59
82 16 — — 108 — 2 22
83 12 42 — 109 — 1 53
84 10 5 — n o — 1 29
85 8 — — 111 — 1 11
86 6 21 — 112 — — 56
87 5 2 — 113 — — 45
88 4 — — 114 — — 35
89 3 10 — 115 — — 28
90 2 31 — 116 — — 22
91 2 — — 117 — — 18
92 1 35 — 118 — — 14
93 1 16 — 119 — — 11
94 1 — — 120 — — 9
95 — 47 37 121 — — 7
96 — 37 48 122 — — 6
97 — 30 — 123 — — 4
98 — 23 49 124 — — 3
99 — 18 59 12S — — 3

100 — 15 — 126 — — 2
101 — 11 54 127 — — 1
102 — 9 27 128 — — 1
103 — 7 30 129 — — 1
104 — 5 57 130-140 — — <1
105 4 43 •*

2
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Table 1-2. Daily noise dose ms an 8-hr TWA*

Dose(% )
dB A as 

8-hr TWA Dose(% )
dB A as 

8-br TWA Dose(% )
dB A as 

8-br TWA
20 78.0 2,000 98.0 450,000 121.5
30 79.8 2300 99.0 500,000 122.0
40 81.0 3,000 99.8 600,000 122.8
50 82.0 3300 100.4 700,000 123.5
60 82.8 4,000 101.0 800,000 124.0
70 83.5 4300 101.5 900,000 124.5
80 84.0 5,000 102.0 1,000,000 125.0
90 84.5 6,000 102.8 1,100,000 125.4

100 85.0 7,000 103.5 1,200,000 125.8
110 85.4 8,000 104.0 1300,000 126.1
120 85.8 9,000 104.5 1,400,000 126.5
130 86.1 10,000 105.0 1,600,000 127.0
140 86.5 12,000 105.8 1,800,000 127.6
150 86.8 14,000 106.5 2,000,000 128.0
170 873 16,000 107.0 2,200,000 128.4
200 88.0 18,000 107.6 2,400,000 128.8
250 89.0 20,000 108.0 2,600,000 129.1
300 89.8 25,000 109.0 2,800,000 129.5
350 90.4 30,000 109.8 3,000,000 129.8
400 91.0 35,000 110.4 3^00,000 130.4
450 91.5 40,000 U1.0 4,000,000 131.0
500 92.0 45,000 111.5 4300,000 131.5
550 92.4 50,000 102.0 5,000,000 132.0
600 92.8 60,000 112.8 6,000,000 132.8
650 93.1 70,000 113.5 7,000,000 133.5
700 93.5 80,000 114.0 8,000,000 134.0
750 93.8 90,000 114.5 9,000,000 134.5
800 94.0 100,000 115.0 10,000,000 135.0
900 94.5 110,000 115.4 12,000,000 135.8

1,000 95.0 120,000 115.8 14,000,000 136.5
1,050 95.2 130,000 116.1 16,000,000 137.0
1,100 95.4 140,000 116.5 18,000,000 137.6
1,150 95.6 150,000 116.8 20,000,000 138.0
1,200 95.8 175,000 117.4 22,000,000 138.4
1300 96.1 200,000 118.0 24,000,000 138.8
1,400 96.5 225,000 118.5 26,000,000 139.0
1,500 96.8 250,000 119.0 28,000,000 139.5
1,600 97.0 275,000 119.4 30,000,000 139.8
1,700 97J 300,000 119.8 32300,000 140.1
1,800 97.6 350,000 120.4
1,900 97.8 400,000 121.0

*TWA = 10 x Log(D/100) + 85
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1.2 Hearing Loss Prevention Program
The employer shall institute an effective hearing loss prevention program (HLPP) de
scribed in Sections 1 3  through 1.11 when any worker’s 8-hr TWA exposure equals or 
exceeds 85 dBA.

1.3 Noise Exposure Assessment
The employer shall conduct a noise exposure assessment when any worker's 8-hr TWA 
exposure equals or exceeds 85 dBA. Exposure measurements shall conform to the 
American National Standard Measurement o f Occupational Noise Exposure, ANSI 
S 12.19-1996 [ANSI 1996a]. Noise exposure is to be measured without regard for the 
wearing o f  hearing protectors.

1.3.1 Initial Monitoring
When a new HLPP is initiated, an initial monitoring o f die worksite or o f noisy work 
tasks shall be conducted to determine the noise exposure levels representative o f all 
workers whose 8-hr TWA noise exposures may equal or exceed 85 dBA. For workers 
remaining in essentially stationary, continuous noise levels, either a sound level meter 
or a dosimeter may be used. However, for workers who move around frequently or who 
perform different tasks with intermittent or varying noise levels, a task-based exposure 
monitoring strategy may provide a more accurate assessment o f  the extent o f exposures.

1.3.2 Periodic Monitoring
I f any worker’s 8-hr TWA exposure to noise equals or exceeds 85 dBA, monitoring shall 
be repeated at least every 2 years. Monitoring shall be repeated within 3 months o f the 
occurrence when there is a change in equipment, production processes or maintenance 
routines. It may also be prudent to assess noise exposures when work practices have 
changed and/or if  workers are developing significant threshold shifts (see Section 
1.6.4).

1.3.3 Instrumentation
Instruments used to measure workers' noise exposures shall be calibrated to ensure 
measurement accuracy and, at a m inim um , they shall conform to the American National 
Standard Specification fo r  Sound Level Meters% ANSI SI.4-1983 and S1.4A -1985, 
Type 2 [ANSI 1983,1985] or, with the exception o f the operating range, to the Ameri
can National Standard Specificationfor Personal Noise Dosimeters, ANSI S 1.25-1991 
[ANSI 1991a]. I f  a sound level meter is used, the meter response shall be set at SLOW.

In determining TWA exposures, all continuous, varying, intermittent, and impulsive 
sound levels from 80 to 140 dBA shall be integrated into die noise measurements.

1.1.4 Ceiling limit
Exposure to continuous, varying, intermittent, or impulsive noise shall not exceed 140 dBA.
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1A  Engineering and Administrative Controls and Work Practices
To the extent feasible, engineering controls, administrative controls, and work practices 
shall be used to ensure that workers are not exposed to noise at or above 85 dBA as an 
8-hr TWA. The use o f administrative controls shall not result in exposing more workers 
to noise.

1.5 Hearing Protectors
Workers shall be required to wear hearing protectors when engaged in work that ex
poses them to noise that equals or exceeds 85 dBA as an 8-hr TWA.* The employer shall 
provide hearing protectors at no cost to the workers.

Hearing protectors shall attenuate noise sufficiently to keep the worker's “real-world” 
exposure (Le., the noise exposure at die worker’s ear when hearing protectors are worn) 
below 85 dBA as an 8-hr TWA. Workers whose 8-hr TWA exposures exceed 100 dBA 
should wear double hearing protection (i.e., they should wear earplugs and earmuffs si
multaneously)^

To compensate for known differences between laboratory-derived attenuation values 
and the protection obtained by a worker in die real world, the labeled noise reduction rat
ings (NRRs) shall be derated as follows: (1) earmuffs—subtract 25% from the manufac
turers’ labeled NRR; (2) slow-recovery formable earplugs—subtract 50%; and (3) all 
other earplugs—subtract 70% from the manufacturers’ labeled NRR. These derating val
ues shall be used until such time as manufacturers test and label their products in accor
dance with a subject-fit method such as method B o f ANSI S 12.6-1997, American 
National Standard M ethodsfor Measuring the Real-Ear Attenuation o f Hearing Protec
tors [ANSI 1997]. Chapter 6 (p. 62) describes methods for using the NRR.

The employer shall train workers at least annually to select, fit, and use a variety o f ap
propriate hearing protectors. By making a variety o f devices available and training the 
workers in their use, die employer w ill substantially increase the likelihood that hearing 
protector use w ill be effective and worthwhile.

1.6 Medical Surveillance
The employer shall provide audiometry for all workers whose exposures equal or ex
ceed 85 dBA as an 8-hr TWA.

*This recommendation should not be construed to imply that workers need not wear hearing protection 
unless their 8-hr TWAs equal or exceed 85 dBA. For example, it would be prudent for a worker in and 
out of noise or habitually exposed to loud noise (e.g., 91 dBA for 1 hr and 59 min) to wear hearing pro
tection while in noise—even though his or her dose was less than 100%.

tThe intent of this section is not to advocate hearing protectors as die primary means o f control; however, 
when engineering controls, administrative controls, and work practices cannot keep workers’ exposures 
below 85 dBA as an 8-hr TWA, the use of hearing protectors shall be required For most TWA expo
sures exceeding 105 dBA, hearing protectors will be necessary to supplement engineering and adminis
trative controls.
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1.6.1 Audiometry

Audiometrìe tests shall be performed by a physician, an audiologist, or an occupational 
hearing conservationist certified by the Council for Accreditation in Occupational Hear
ing Conservation (CAOHC) or die equivalent, working under the supervision o f an au
diologist or physician. The appropriate professional notation (e.g., licensure, 
certification, or CAOHC certification number) shall be recorded on each worker’s 
audiogram.

Audiometrìe testing shall consist ofair-conduction, pure-tone, hearing threshold meas
ures at no less than 500, 1000,2000,3000,4000, and6000 hertz (Hz). Right and left ears 
shall be individually tested. The 8000-Hz threshold should also be tested as an option 
and as a useful source o f information about the etiology o f  a hearing loss.

Audiometrìe tests shall be conducted with audiometers that meet the specifications o f  
and are maintained and used in accordance with the American National Standard Speci
ficationsfor Audiometers, ANSI S3.6-1996 [ANSI 1996b]. Audiometers shall receive a 
daily functional check, an acoustic calibration check whenever die functional check in
dicates a threshold difference exceeding lOdB in either earphone at any frequency, and 
an exhaustive calibration check annually or whenever an acoustic calibration indicates 
the need—as outlined in Section 5.5.2. The date o f die last annual calibration shall be re
corded on each worker’s audiogram.

Audiometrìe tests shall be conducted in a room where ambient noise levels conform to 
all requirements o f the American National Standard Maximum Permissible Ambient 
Noise Levelsfor Audiometrìe Test Rooms, ANSI S3.1-1991 [ANSI 1991b]. Instruments 
used to measure ambient noise shall conform to the American National Standard Speci
fication fo r  Sound Level Meters, ANSI SI.4-1983 and S1.4A -1985, Type 1 [ANSI 
1983, 1985] and die American National Standard Specification fo r  Octave-Band and 
Fractional-Octave-Band Analog and D igital Filters, ANSI S I .11-1986 [ANSI 1986]. 
For permanent onsite testing facilities, ambient noise levels shall be checked at least an
nually. For mobile testing facilities, ambient noise levels shall be tested daily or each 
time the facility is moved, whichever is more often. Ambient noise measurements shall 
be obtained under conditions representing the typical acoustical environment likely to 
be present when audiometrìe testing is performed. Ambient noise levels shall be re
corded on each audiogram or made otherwise accessible to the professional reviewer o f  
the audiograms.

1.6.2 Baseline Audiogram

A  baseline audiogram shall be obtained before employment or within 30 days o f em
ployment for all workers who must be enrolled in the HLPP. Workers shall not be ex
posed to noise levels at or above 85 dBA for a minimum o f 12 hr before receiving a 
baseline audiometrìe test Hearing protectors shall not be used in lieu o f the required 
quiet period.
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1.6.3 Monitoring Audiogram and Retest Audiogram

A ll workers enrolled in the HLPP shall have their hearing threshold levels (HTLs) meas
ured annually. These audiometric tests shall be conducted during the worker’s normal 
work sh ift This audiogram shall be referred to as the ‘‘monitoring audiogram.” The 
monitoring audiogram shall be examined immediately to determine whether a worker 
has a change in hearing relative to his or her baseline audiogram.

When the monitoring audiogram detects a change in the HTL in either ear that equals or 
exceeds 15 dB at 500 ,1000 ,2000 ,3000 ,4000 , or 6000 Hz, an optional retest may be 
conducted immediately to determine whether the significant threshold shift is persistent 
In most cases, die retest w ill demonstrate that the worker does not have a persistent 
threshold shift, thereby eliminating die need for a confirmation audiogram and followup 
action. If a persistent threshold shift has occurred, the worker shall be informed that his 
or her hearing may have worsened and additional hearing tests w ill be necessary.

1.6.4 Confirmation Audiogram, Significant Threshold Shift, and 
Followup Action

When a worker’s monitoring audiogram detects a threshold shift as outlined in Section 
1.6.3, he or she shall receive a confirmation audiogram within 30 days. This confirma
tion test shall be conducted under the same conditions as those o f a baseline audiometric 
test I f die confirmation audiogram shows die persistence o f a threshold shift, the audio
grams and other appropriate records shall be reviewed by an audiologist or physician.

If this review validates the threshold shift, the threshold shift is considered to be a sig
nificant threshold sh ift This shift shall be recorded in die worker’s medical record, and 
die confirmation audiogram shall serve as the new baseline and shall be used to calculate 
any subsequent significant threshold shift. Whenever possible, the worker should re
ceive immediate feedback on die results o f his or her hearing test; however, in no case 
shall die worker be required to wait more than 30 days.

When a significant threshold shift has been validated, die employer shall take appropri
ate action to protect the worker from additional hearing loss due to occupational noise 
exposure. Examples o f appropriate action include explanation o f the effects o f hearing 
loss, reinstruction and refitting ofhearing protectors, additional training o f die worker in 
hearing loss prevention, and reassignment o f the worker to a quieter work area.

When die reviewing audiologist or physician suspects a hearing change is due to a non- 
occupational etiology, the worker shall receive appropriate counseling, which may in
clude referral to his or her physician.
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1.6.5 Exit Audiogram
The employer should obtain an exit audiogram from a worker who is leaving employ
ment or whose job no longer involves exposure to hazardous noise. The exit audiogram 
should be conducted under the same conditions as those o f  baseline audiometry.

1.7 Hazard Communication

1.7.1 Warning Signs
A  wanting sign shall be clearly visible at the entrance to or die periphery o f areas where 
noise exposures routinely equal or exceed 85 dBA as an 8-hr TWA. A ll warning signs 
shall be in English and, where applicable, in the predominant language o f workers who 
do not read English. Workers unable to read the warning signs shall be informed ver
bally about the instructions printed on signs in hazardous work areas o f the facility. The 
warning sign shall textually or graphically contain die following information:

WARNING

NOISE AREA 
HEARING HAZARD

Use of Hearing Protectors Required

1.7.2 Notification to Workers
All workers who are exposed to noise at or above 85 dBA as an 8-hr TWA shall be in
formed about the potential consequences o f noise exposure and the methods o f prevent
ing noise-induced hearing loss (NIHL). When noise measurements are initially con
ducted and confirm the presence o f hazardous noise, or when followup noise meas
urements identify additional noise hazards, workers shall be notified within 30 days. 
New workers shall be alerted about the presence o f  hazardous noise before they are ex
posed to i t

1.8 Training
The employer shall institute a training program in occupational hearing loss prevention 
for all workers who are exposed to noise at or above 85 dBA as an 8-hr TWA; die em
ployer shall ensure worker participation in such a program. The training program shall 
be repeated annually for each worker included in the HLPP. Information provided shall 
be updated to be consistent with changes in protective equipment and work processes.

The employer shall ensure that die training addresses, at a minimum, (1) the physical 
and psychological effects o f  noise and hearing loss; (2) hearing protector selection,
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fitting, use, and care; (3) audiometric testing; and (4) the roles and responsibilities o f 
both employers and workers in preventing NIHL.

The format for the training program may vary from formal meetings to informal on-the- 
spot presentations. Allowances shall be made for one-on-one training, which would be 
particularly suitable for workers who have demonstrated a significant threshold sh ift 
Whenever possible, the training should be timed to coincide with feedback on workers’ 
hearing tests.

The employer shall maintain a record o f educational and training programs for each 
worker for die duration o f employment plus 1 year. On termination o f employment, the 
employer should provide a copy o f the training record to the worker. The employer may 
wish to keep the training record with the worker’s exposure and medical records for 
longer durations (see Section 1.10).

1.9 Program Evaluation Criteria
The effectiveness o f  the HLPP shall be evaluated at the level o f the individual worker 
and at the programmatic level.

The evaluation at the worker level shall take place at the time o f the annual audiometry. 
If a worker demonstrates a significant threshold shift that is presumed to be occupation
ally related, all possible steps shall be taken to ensure that the worker does not incur ad
ditional occupational hearing loss.

The evaluation at the programmatic level shall take place annually. The incidence rate o f 
significant threshold shift for noise-exposed workers shall be compared with that for a 
population not exposed to occupational noise. S im ilar incidence rates from this com
parison indicate an effective HLPP. Data for calculating an incidence rate for a popula
tion not exposed to occupational noise should be drawn from Annex C in the American 
National Standard Determination o f Occupational Noise Exposure and Estimation o f 
Noise-Induced Hearing Impairment, ANSI S3.44-1996 [ANSI 1996c] unless more ap
propriate data are available.

1.10 Recordkeeping
The employer shall establish and maintain records in accordance with the requirements 
in Sections 1.10.1 through 1.10.5.

1.10.1 Exposure Assessment Records
The employer shall establish and maintain an accurate record o f all exposure measure
ments required in Section 1.3. These records shall include, at a minimum, the name o f 
the worker being monitored; identification number, duties performed and job locations; 
dates and times o f measurements; type (refer to Section 6), brand, model, and size o f 
hearing protectors used (if  any); the measured exposure levels; and the identification o f  
the person taking the measurements. Copies o f a worker’s exposure history resulting
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1.10.2 Medical Surveillance Records

The employer shall establish and maintain an accurate record for each worker subject to 
die medical surveillance specified in Section 1.6. These records shall include, at a mini
mum, the name o f  die worker being tested; identification number; duties performed and 
job locations; medical, employment, and noise-exposure history; dates, times, and types 
o f tests (i.e., baseline, annual, retest, confirmation); hours since last noise exposure be
fore each test; HTLs at the required audiometric frequencies; tester’s identification and 
assessment o f test reliability; the etiology o f  any significant threshold shift; and the 
identification o f the reviewer.

1.10.3 Record Retention

In accordance with the requirements o f  29 CFR* 1910.20(d), Preservation o f Records, 
the employer shall retain the records described in Sections 1 3  and 1.6 o f this document 
for at least the following periods:

• 30 years for noise exposure monitoring records
• Duration o f  employment plus 30 years for medical monitoring records

In addition, records o f  audiometer calibrations and the ambient noise measurements in 
the audiometric testing room shall be maintained for 5 years.

1.10.4 Availability of Records

In accordance with 29 CFR 1910.20, Access to Employee Exposure and Medical Re
cords, the employer shall, upon request, allow examination and provide copies o f these 
records to a worker, a former worker, or anyone having appropriate authorization for 
record access.

1.10.5 Transfer of Records

The employer shall comply with the requirements for the transfer o f  records as set forth 
in 29 CFR 1910.20(h), Transfer o f  Records.

1.11 ANSI Standards
All standards (e.g., American National Standards Institute [ANSI] standards) referred to 
in this document shall be superseded by the latest available versions.

from this requirement shall also be included in the worker’s medical file along with the
worker’s audiograms.

xCode o f Federal Regulations. See CFR in references.
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Chapter 2

Introduction

2.1 Recognition of Noise as a Health Hazard

N oise, which is essentially any unwanted or undesirable sound, is not a new hazard. In
deed, NIHL has been observed for centuries. Before the industrial revolution, however, 
comparatively few people were exposed to high levels o f workplace noise. The advent 
o f steam power in connection with the industrial revolution first brought general atten
tion to noise as an occupational hazard. Workers who fabricated steam boilers devel
oped hearing loss in such numbers that the malady was dubbed “boilermaker’s disease.*1 
Increasing mechanization in all industries and most trades has since proliferated the 
noise problem.

2.2 Noise-Induced Hearing Loss (NIHL)

NIHL is caused by exposure to sound levels or durations that damage the hair cells o f the 
cochlea. Initially, the noise exposure may cause a temporary threshold shift—that is, 
a decrease in hearing sensitivity that typically returns to its former level within a few  
minutes to a few hours. Repeated exposures lead to a permanent threshold shift, which is 
an irreversible sensorineural hearing loss.

Hearing loss has causes other than occupational noise exposure. Hearing toss caused by 
exposure to nonoccupational noise is collectively called sociocusis. It includes recrea
tional and environmental noises (e.g., loud music, guns, power tools, and household ap
pliances) that affect the ear the same as occupational noise. Combined exposures to 
noise and certain physical or chemical agents (e.g., vibration, organic solvents, carbon 
monoxide, ototoxic drugs, and certain metals) appear to have synergistic effects on 
hearing loss [Hamemik and Henderson 1976; Brown et al. 1978; Gannon et al. 1979; 
Brown et al. 1980; Hamemik et al. 1980; Pryor et al. 1983; Rebert et al. 1983; Humes 
1984; Boettcher et al. 1987; Young et aL 1987; Byrne et al. 1988; Fechter et al. 1988; 
Johnson et al. 1988; Morata et al. 1993; Franks and Morata 1996]. Some sensorineural 
hearing loss occurs naturally because o f aging; this loss is called presbycusis. Conduc
tive hearing losses, as opposed to sensorineural hearing losses, are usually traceable to 
diseases o f die outer and middle ear.

Noise exposure is also associated with nonauditory effects such as psychological stress 
and disruption o f job performance [Cohen 1973; EPA 1973; Taylor 1984; Ohrstrftm 
et al. 1988; Suter 1989] and possibly hypertension [Parvizpoor 1976; Jonsson and Hans- 
son 1977; Takala et al. 1977; Lees and Roberts 1979; Malchaire and Mullier 1979;
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Manmnen and Aro 1979; Singh et aL 1982; Belli et al. 1984; Delin 1984; Talbott et al. 
1985; V eibeeketaL 1987;W uetaL 1987; Talbott etal. 1990]. Noise may also be a con
tributing factor in industrial accidents [Cohen 1976; Schmidt et al. 1980; Wilkins and 
Acton 1982; M oll van Charante and Mulder 1990]. Nevertheless, data are insufficient to 
endorse specific damage risk criteria for these nonauditory effects.

2.3 Physical Properties of Sound

The effects o f  sound on a person depend on three physical characteristics o f  sound: am
plitude, frequency, and duration. Sound pressure level (SPL), expressed in decibels, is a 
measure o f  the amplitude o f  the pressure change that produces sound This amplitude is 
perceived by the listener as loudness. In sound-measuring instruments, weighting net
works (described in Chapter 4) are used to modify the SPL. Exposure limits are com
monly measured in dBA. When used without a weighted network suffix, the expression 
should be dB SPL.

The frequency o f  a sound, expressed in Hz, represents the number o f cycles occurring in 
1 sec and determines the pitch perceived by the listener. Humans with normal hearing 
can hear a frequency range o f  about 20 Hz to 20 kilohertz (kHz). Exposures to frequency 
ranges that are considered infrasonic (below 20 Hz), upper sonic (10 to 20 kHz), and ul
trasonic (above 20 kHz) are not addressed in this document

Although no uniformly standard definitions exist, noise exposure durations can be 
broadly classified as continuous-type or impulsive. A ll nonimpulsive noises (i.e., con
tinuous, varying, and intermittent) are collectively referred to as “continuous-type 
noise.” Impact and impulse noises are collectively referred to as “impulsive noise.” Im
pulsive noise is distinguished from continuous-type noise by a steep rise in the sound 
level to a high peak followed by a rapid decay. In many workplaces, the exposures are 
often a mixture o f continuous-type and impulsive sounds.

2.4 Number of Noise-Exposed Workers in the United States

In 1981, OSHA estimated that 7.9 million U.S. workers in die manufacturing sector 
were occupationally exposed to daily noise levels at or above 80 dBA [46 Fed. Reg- 
4078 (1981a)]. In the same year, die U.S. Environmental Protection Agency (EPA) esti
mated that more than 9  million U.S. workers were occupationally exposed to daily noise 
levels above 85 dBA, as follows:

* Federal Register. See Fed Reg. in references.
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Agriculture...................
M i n i n g .....................................

Construction..................
Manufacturing and utilities
Transportation..............
Military.........................

T otal........................

Ma/or group Numtber o f workers
• 323,000 

255,000
• 513,000
5.124.000
1.934.000
• 976,000
9.125.000

More than half o f  these workers were engaged in manufacturing and utilities [EPA 
1981].

From 1981 to 1983, NIOSH conducted the National Occupational Exposure Survey 
(NOES), which was designed to provide data describing the occupational safety and 
health conditions in the United States [NIOSH 1988a,b, 1990]. The surveyors visited 
and gathered information at various workplaces throughout the United States. For the 
purposes o f  NOES, workers were considered noise-exposed if  any noise (excluding 
impulsive noise) at or above 85 dB A occurred in their work environment at least once 
per week for 90% o f the workweeks in a year [NIOSH 1988a]. Because not all indus
tries were surveyed, NOES does not provide an all-inclusive estimate o f the number o f  
noise-exposed workers in the United States; however, it does provide reasonable esti
mates o f  the numbers o f  noise-exposed workers in the particular industries covered by 
NOES. These estimates are tabulated in Table 2 -1 , which shows that noise-exposed 
workers were employed in a wide range o f industries, with the majority in 
manufacturing.

To collect occupational health data in mining industries not covered by NOES, NIOSH 
conducted die National Occupational Health Survey o f Mining (NOHSM) from 1984 to 
1989. Unlike NOES surveyors, the NOHSM surveyors did not measure the noise levels 
but used qualitative evaluation to determine noise exposures. As shown in Table 2 -2 , 
noise exposures occurred in all o f die industries covered by NOHSM.

2.5 Legislative History

Efforts to regulate occupational noise in die United States began about 1955. The m ili
tary was first to establish such regulations for members o f the Armed Forces [U.S. Air 
Force 1956]. Under the Walsh-Healey Public Contracts Act o f 1936, as amended, safety 
and health standards had been issued that contained references to excessive noise; how
ever, they prescribed neither limits nor acknowledged the occupational hearing loss 
problem. A  later regulation under this act [41 CFR 50-204.10], promulgated in 1969, 
defined noise limits that were applicable only to those firms having supply contracts 
with the U.S. Government greater than $10,000; similar limits were made applicable to 
work under Federal service contracts o f  $2,500 or more under die Service Contract A ct 
The noise rule in die Walsh-Healey Act regulations was adopted under the Federal Coal 
Mine Health and Safety Act o f 1969 (Public Law 91-173) for underground and surface 
coal mine operations.
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Table 2-1« Estimated number of workers exposed to noise at or above
85 dBA, by economic sector (two-digit SIC*vt)

Noise-exposed production workers

Total lumber As % of
of production total production

Economic sector SIC workers Number workers

Agriculture, forestry, and fishing:
Agriculture services 07 89,189 17,618 19.8

Mining:
Oil and gas extraction 13 330,841 76,525 23.1

Construction:
General building contractors IS 664,833 105,299 15.8
Heavy construction, except 

building 16 517,969 124,610 24.0
Special trade contractors 17 1,228,744 191,087 15.6

Manufacturing:
Food and kindred products 20 1,188,267 343,030 28.9
Tobacco products 21 106399 57,764 543
Textile mill products 22 615,322 262,108 42.6
Apparel and other finished 

products 23 1,082^36 150,824 13.9
Lumber and wood products 24 475,730 196,489 413
Furniture and fixtures 25 428,539 121,271 283
Paper and allied products 26 488,101 164,808 33.8
Printing and pnM ishing 27 724,707 154,862 21.4
Chemicals and allied products 28 592,059 102,671 173
Petroleum and coal products 29 160,516 31,998 19.9
Rubber and miscellaneous

plastics products 30 595,525 135,611 22.8
Leather and leather products 31 144,200 9346 63
Stone, clay, and glass 

products 32 457,983 98,215 21.5
Primary metal industries 33 824,725 269,270 32.7
Fabricated metal products 34 1,151,777 336^19 293
Industrial machinery and 

equipment 35 1 >44,883 229,509 14.9
Electronic and other electric

equipment 36 1,287,842 104353 8.1
Transportation equipment 37 1311,750 238,609 18.2
Instruments and related

products 38 555,108 48,014 8.7
Miscellaneous manufacturing 

industries 39 418,805 39307 9.4

See footnotes at end of table. (Continued)
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Table 2-1 (Continued). Estimated number of workers exposed to noise
at or above 85 dBA, by economic sector (two-digit SIC* ̂

Economic sector SIC

Total number 
• f  production 

workers

Noise-exposed production workers

As % of 
to tal production 

Number workers

Transportation and public utilities:
Local and inter-urban 

passenger transit 41 171,428 14,832 8.7
Trucking and warehousing 42 561,058 39,150 7.0
Transportation by air 45 312^31 94,656 30.3
Communications 48 387,505 23,124 6.0
Electric, gas, and sanitary 

services 49 588,041 89,730 153
Wholesale trade: 
Wholesale trade—durable 

goods 50 528,659 110,283 20.9
Wholesale trade—nondurable 

goods 51 99,410 5,287 53
Retail trade:
Automotive dealers and 

service stations 55 334,063 4,543 1.4
Services:
Personal services 72 366,545 33,462 9.1
Business services 73 766,108 11,246 1.5
Auto repair, services, and 

parking 75 320,459 33,997 10.6
Miscellaneous repair services 76 143,302 12,682 8.9
Health services 80 2,679,610 15,677 0.6

Total 24,245,169 4,098,986 16.9

‘Standard industrial classification. Source: 0MB [1987].
^Based on data collected by NOBS [NIOSH 1988a4>, 1990]. Not all two-digit SIC sectors and not all 

four-digit SIC industries within each two-digit SIC sector were surveyed. The NOES covered 39 of 83 
two-digit SIC sectors, and the NOES estimates were representative o f only the four-digit SIC industries 
actually surveyed. For example, within agricultural services (SIC 07), the estimates are for crop prepa
ration services (SIC 0723), veterinary services for animal specialties (SIC 0742), lawn and garden serv
ices (SIC 0782), and ornamental shrub and tree services (SIC 0783) only, because no surveys were 
done for soil preparation services (SIC 0711), crop planting and protecting (SIC 0721), crop harvesting 
(SIC 0722), cotton ginning (SIC 0724), veterinary services for livestock (SIC 0741), livestock services 
(SIC 0751), animal specialty services (SIC 07S2), farm labor contractors (SIC 0761), farm manage
ment services (SIC 0762), and landscape counseling and planning (SIC 0781).
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Table 2-2. Estimated number of workers exposed to noise,
by industry (four-digit SIC V

Noise-exposed production workers

Industry SIC

Total Bumber 
of production 

workers Number

As % of total 
production 

workers

Iron ores 1011 3,614 3,411 94.4
Copper ores 1021 8,777 8,253 94.0
Lead and zinc ores 1031 1363 1,190 873
Gold <xes 1041 3,574 3,041 85.1
Silver ores 1044 1,893 1,503 79.4
Ferroalloy ores, except vanadium 1061 713 653 91.6
Uranium-radium-vanadium ores 1094 1,177 952 80.9
Miscellaneous metal ores, not 

elsewhere classified 1099 3,798 3322 87.5
Bituminous coal and lignite

mining 1220 123,274 108,264 87.8
Anthracite mining 1231 2,006 1,704 85.0
Crude petroleum and natural gas* 1311 107 101 94.4
Dimension stone 1411 2,122 1,837 86.6
Crashed and broken limestone 1422 26,906 19,292 71.7
Crashed and broken granite 1423 4,545 3,643 80.2
Crashed and broken stone, not 

elsewhere classified 1429 5,796 4,829 833
Sand and gravel 1440 13,825 11319 833
Clay, ceramic, and refiactory 

minerals 1459 8,171 6,829 83.6
Potash, soda, and boiate minerals 1474 4,855 4,258 87.7
Phosphate rock 1475 4,422 3,209 72.6
Chemical and fertilizer minerals 1479 2,175 1,297 59.6
Miscellaneous nonmetallic 

minerals 1499 4,755 3386 75.4
Chemical preparation, not 

elsewhere classified* 2899 263 250 95.1
Petroleum and coal products, not 

elsewhere classified* 2999 42 23 54.8
Cement, hydraulic* 3241 5,681 4,757 83.7
lime* 3274 2329 2,014 79.6

Total — 236383 199,737 843

"Standard industrial classification. Source: OMB [1987].
1Based on data collected fay NOHSM (unpublished data).
^Estimates apply only to the miners—not the total workforce in this SIC industry.
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Chapter 2. Introduction

In 1970, the Occupational Safety and Health Act (Public Law 95-164) was enacted, 
which established OSHA within the U.S. Department of Labor as the enforcement 
agency responsible for protecting the safety and health o f a large segment o f die U.S. 
workforce. Concurrently, NIOSH was established under die Department o f Health, 
Education, and Welfare (now the Department o f Health and Human Services) to de
velop criteria for safe occupational exposures to workplace hazards. In compliance with 
this provision, NIOSH published Criteria for a Recommended Standard: Occupational 
Exposure to Noise in 1972 [NIOSH 1972]. The document provided the basis for a rec
ommended standard to reduce the risk of developing permanent noise-induced occupa
tional hearing loss. The criteria document presented an REL of 85 dBA as an 8-hr TWA 
and methods for measuring noise, calculating noise exposure, and providing a hearing 
conservation program. However, die criteria document acknowledged that (1) NIOSH 
was not able to determine the technical feasibility o f the REL, and (2) approximately 
15% of die population exposed to occupational noise at die 85-dBA level for a working 
lifetime would develop occupational NIHL.

Initially, OSHA adopted the Walsh-Healey exposure lim it of 90 dBA as an 8-hr TWA 
with a 5-dB exchange rate as its permissible exposure lim it (PEL) [29 CFR 1910.95] for 
general industry. In 1974, responding to the NIOSH criteria document, OSHA proposed 
a revised noise standard [39 Fed. Reg. 37773 (1974a)] but left the PEL unchanged. The 
proposed standard was not promulgated; however, it articulated the requirement for a 
hearing conservation program. In 1981 and again in 1983, OSHA amended its noise 
standard to include specific provisions o f a hearing conservation program for occupa
tional exposures at 85 dBA or above [46 Fed. Reg. 4078 (1981a); 48 Fed. Reg. 9738 
(1983)]. The OSHA noise standard as amended does not cover all industries. For exam
ple, die Hearing Conservation Amendments do not cover noise-exposed workers in 
transportation, oil/gas well drilling and servicing, agriculture, construction, and m ining. 
The construction industry is covered by another OSHA noise standard [29 CFR 
1926.52]; the mining industry is regulated by four separate standards that are enforced 
by MSHA [30 CFR 56.5050; 30 CFR 57.5050; 30 CFR 70.500-70.508; 30 CFR 
71.800-71.805]. These standards vary in specific requirements regarding exposure 
monitoring and hearing conservation; however, ail m aintain an exposure lim it based on 
90 dBA for an 8-hr duration. Although they are required to comply with OSHA regula
tions by Executive Order 12196, the U.S. Air Force [1993] and the U.S. Army [1994] 
have chosen a more stringent exposure limit of 85 dBA as an 8-hr TWA with a 3-dB ex
change rate. Thus, the protection that a worker receives from occupational noise de
pends in part on die sector in which he or she is employed.

The exposure limits discussed above apply only to continuous-type noises. For impul
sive noise, die generally accepted lim it not to be exceeded for any time is a peak level of 
140 dB SPL. Among the regulatory standards, this peak level is either enforceable or 
nonenforceable, as indicated by die word “shall” or “should,” respectively. For exam
ple, in the MSHA standards for metal and nonmetal m ines [30 CFR 56.5050; 30 CFR 
57.5050], this exposure limit is enforceable; in the OSHA standards [29 CFR 1910.95; 
29 CFR 1926.52], it is nonenforceable.
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2.6 Scope of This Revision of the Noise Criteria Document

The focus o f this document is on the prevention o f occupational hearing loss rather than 
on conservation. Prevention means to avoid creating hearing loss. Conservation means 
to sustain the hearing that is present, regardless o f whether damage has already oc
curred. An emphasis on prevention evolves from beliefs that it should not be necessary 
to suffer an impairment, illness, or injury to earn a  living and that it is possible to use 
methods to prevent occupational hearing loss. This document evaluates and presents 
recommended exposure limits, a 3-dB exchange rate, and other elements necessary for 
an effective HLFP. Where the information is incomplete to support definitive recom
mendations, research needs are suggested for future criteria development Nonauditory 
effects ofnoise and hearing losses due to causes other than noise are beyond the scope of 
this document

18



CHAPTER 3

Basis for the Exposure Standard

3.1 Quantitative Risk Assessment
The selection o f an exposure limit depends on the definitions o f two parameters: (1) (he 
maximum acceptable occupational hearing loss (i.e., the fence) and (2) the percentage of 
the occupational noise-exposed population for which the m axim um  acceptable occupa
tional hearing loss will be tolerated. The fence is often defined as die average HTL for 
two, three, or four audiometric frequencies. It separates the m axim um  acceptable hear
ing loss from smaller degrees o f hearing loss and normal hearing. Excess risk is the dif
ference between the percentage that exceeds the fence in an occupational-noise-exposed 
population and the percentage that exceeds it in an unexposed population. Mathematical 
models are used to describe die relationship between excess risk and various factors 
such as average daily noise exposure, duration of exposure, and age group.

The most common protection goal is the preservation of hearing for speech discrimina
tion. Using this protection goal, NIOSH [1972] employed die term “hearing impair
ment” to define its criteria for m axim um  acceptable hearing loss; and OSHA later used 
the slightly modified term “material hearing impairment” to define the same criteria [46 
Fed. Reg. 4078 (1981a)]. In this context, a worker was considered to have a material 
hearing impairment when his or her average HTLs for both ears exceeded 25 dB at the 
audiometric frequencies of 1000,2000, and 3000 Hz (denoted here as the “1-2-3-kHz 
definition”).

3.1.1 NIOSH Risk Assessment in 1972
NIOSH [1972] assessed die excess risk o f material hearing impairment as a function of 
levels and durations (e.g., 40-year working lifetime) o f occupational noise exposure. 
Thus, for a 40-year lifetime exposure in the workplace to average daily noise levels of 
80,85, or 90 dBA, the excess risk o f material hearing impairment was estimated to be 
3%, 16%, or 29%, respectively. On die basis of this risk assessment, NIOSH recom
mended an 8-hr TWA exposure limit o f 85 dBA [NIOSH 1972].

To compare die NIOSH excess risk estimates with those developed by other organiza
tions, the NIOSH data were also analyzed using the same 25-dB fence, but averaging the 
HTLs at 500,1000, and 2000 Hz (the 0.5-1-2-kHz definition) [NIOSH 1972], Table 3-1 
presents the excess risk estimates developed by NIOSH [1972], EPA [1973], and die In
ternational Standards Organization (ISO) [1971] for material hearing impairment 
caused by occupational noise exposure. OSHA used these estimates as die basis for re
quiring hearing conservation programs for occupational noise exposures at or above 
85 dBA (8-hr TWA) [46 Fed. Reg. 4078 (1981a)].
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Table 3-1 . Estimated excess risk of incurring material hearing impairment* as 
a function o f average daily noise exposure over a 40-year working lifetime*

Reporting organization
Average daily —he 

exposure (dBA) Excess risk (%)*

ISO 90 21
85 10
80 0

EPA 90 22
85 12
80 S

NIOSH 90 29
8S 15
80 3

“Forpngwe« o f couyMbm  ■  flw table, ■ rtcriil hearing impairment it defined m  m  «w age o f the HTL» tar both cm» 1500, 
1000, «id  2000 Hz that exceed» 23 dB. 

tAdapled6an39Fed. Reg. 43802 [1974b].
wMi M U riil ta rio g  ¡q u iiiim  k  w  o ea | iin iiwl ■oim t jqKaidpopobtkai «fler «fatractiag the percentage who 

« ad d  aanmlly iacur ncfa impainnent from other c u e s  ■  m  mexpmoA papabtian.

The data used for the NIOSH risk assessment w oe collected by NIOSH in 13 noise and 
hearing surveys (collectively known as die Occupational Noise and Hearing Survey 
[ONHSD from 1968 to 1971. The industries in the surveys included strelmaking, paper 
bag processing, aluminum processing, quarrying, printing, tunnel traffic controlling, 
woodworking, and trucking. Questionnaires and audiometric examinations were given 
to noise-exposed and non-noise-exposed workers who had consented to participate in 
the surveys. More than 4,000 audiograms were collected, but the sample excluded au
diograms of (1) noise-exposed workers whose noise exposures could not be character
ized relative to a specified continuous noise level over their working lifetime, and
(2) noise-exposed workers with abnormal hearing levels as determined by their medical 
history. Thus, 1,172 audiograms were used. These represented 792 noise-exposed and 
380 non-noise-exposed workers (controls) [NIOSH 1972; Lempert and Henderson 
1973].

3.1.2 NIOSH Risk Assessment in 1997

A review of relevant epidemiologic literature did not identify new data suitable for esti
mating die excess risk o f occupational NIHL for U.S. workers. The prolific use ofhear- 
ing protectors in the U.S. workplace since die early 1980’s would confound 
determination o f dose-response relationships for occupational NIHL among contempo
rary workers. Therefore, the current risk assessment is based on a reanalysis o f data from 
the NIOSH ONHS [Prince et aL 1997].
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Prince et al. [1997] (reprinted in the Appendix of this document) derived a new set of 
excess risk estimates using die ONHS data with a model referred to as the 
“ 1997-NIOSH model,” which differed from the 1972-NIOSH model [NIOSH 1972]. 
A noteworthy difference between the two models is that Prince et al. [1997] consid
ered the possibility o f nonlinear effects o f noise in die 1997-NIOSH model, whereas 
the 1972-NIOSH model was based solely on a linear assumption for the effects o f 
noise. Table 3-2 provides an overview of die differences between the 1997- and the 
1972-NIOSH models. Prince et al. [1997] found that nonlinear models fit the data well 
and that the linear models similar to die 1972-NIOSH model did not fit as well. In ad
dition to using the 0.5-1-2-kHz and die 1-2-3-kHz definitions of material hearing im
pairment to assess the risk o f occupational NIHL, Prince et al. [1997] used the 
definition of hearing handicap* proposed by die American Speech-Language-Hearing 
Association (ASHA) Task Force on the Definition of Hearing Handicap. Prince et al. 
[1997] found die ASHA Task Force definition* (average o f HTLs at 1000,2000,3000, 
and 4000 Hz) [ASHA 1981] useful because it was geared toward excess risk ofhearing 
loss rather than compensation. Phaneuf et al. [1985] also found that the audiometric 
average of 1000,2000,3000, and 4000 Hz provided “a superior prediction ofhearing 
disability in terms of specificity, sensitivity, and overall accuracy.** The ASHA Task 
Force definition is also referred to as the 1-2-3-4-kHz definition in this criteria docu
m ent Table 3-3 presents the excess risk estimates for this definition and associated 
95% confidence intervals.

The ISO has also developed procedures for estimating hearing loss due to noise expo
sure. In 1971, die ISO issued the first edition of ISO 1999, Assessment o f Occupational 
Noise Exposure for Hearing Conservation Purposes [ISO 1971] (referred to as the 
“1971-ISO model*9), which included risk estimates for material hearing impairment 
from occupational noise exposures. In 1990, die ISO issued a second edition of ISO 
1999, Acoustics—Determination o f Occupational Noise Exposure and Estimation o f 
Noise-Induced Hearing Impairment [ISO 1990] (referred to as the “1990-ISO model”). 
Both ISO models are based on broadband, steady noise exposures for 8-hr work shifts 
during a working lifetime of up to 40 years.

The various models for estimating die excess risk of material hearing impairment are 
compared in Table 3-4. The excess risk estimates derived from the 1971-ISO, 
1972-NIOSH, 1973-EPA, and 1997-NIOSH*models are reasonably similar. However,

*ASHA makes a distinction between the tom s “impairment” and “handicap”; however, for the purpose of 
die subsequent discussion in this criteria document, only the tom  “material hearing impairment” is 
used. The Prince et al. [1997] paper reports the use of a modified ASHA Task Force definition. This 
modification incorporates frequency-specific weights based on the articulation index for each fre
quency [ANSI 1969]. Negligible differences were found between excess risk estimates generated using 
die modified and the unmodified definitions. The excess risk estimates presented in this criteria docu
ment are based on die unmodified ASHA Task Force definition. 

tHistorical note, ASHA did not deliberate on die definition proposed by the ASHA Task Force.
*Prince et al. [1997] found that the excess risk estimates at exposure levels below 85 dBA w oe not well

defined. Insufficient data for workers with average daily exposures below 85 dBA led to considerable 
variability in the estimation, depending on the statistical assumptions used in the modeling.
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Table 3-2. Comparison of the 1997- and 1972-NIOSH risk-damage models

Description

Item 1997-NIOSH model 1972-NIOSH model

Model Logit model:
Dichotomous outcome*
Model probability of hearing impair

ment directly

Probit model:
Continuous outcome (average 

HTL)
Model distribution o f HTL and 

calculate percentage of popu
lation meeting impairment 
criteria

Sound level effect Dependent on duration of exposure
PlUnU]*
U  (control sound level) and t  (shape 

of dose-cesponse curve) are esti
mated from the data

L*=5ound level in exposed popula
tion

Model allows flexibility in determin
ing shape of dose-response curve 
and location of control sound 
levels

Dependent on duration of 
exposure 

PiU -U J1
Lo and ̂  are fixed values 
^=1 assumes a linear dose- 

response relationship 
L^=Sound level in exposed popu

lation

Age, years Modeled as a continuous variable Modeled as a categorical vari
able with five levels (17-27, 
28-35,36-45,46-54,55-70)

Duration of exposure, 
years

Modeled as a categorical variable 
with 4 levels (<2,2-4,5-10, >10)

Modeled as a categorical vari
able with five levels (<2,2-4, 
5-10,11-20,21-41)

*Tfh inrtnrirtinl il fUrpr i int fMm — In ■injir i n « iin<(A-finwi« « «» y  n n ^ .7 ^ hr tw A w n)nr 
(ra n g e  HTL ̂ 25 dB).

except for die 1-2-3-4-kHz definition, the excess risk estimates derived from die 
1990-ISO model are considerably lower than those derived from die other models. 
These disparities may be due to differences in the statistical methodology or in the un- 
deriying data used. Nevertheless, these five models confirm an excess risk of material 
hearing impairment at 85 dBA.

As mentioned earlier in this section, the protection goal incorporated in die definitions 
o f material hearing impairment has been to preserve hearing for speech discrimation. 
The4000-Hz audiometric frequency is recognized as being both sensitive to noise and 
important for hearing and understanding speech in unfavorable or noisy listening con
ditions [Kuzniarz 1973; Aniansson 1974; Suter 1978; Smoorenburg 1990]. In recogni
tion o f die fact that listening conditions are not always ideal in everyday life, and in 
concurrence with the ASHA [1981] Task Force proposal, NIOSH has modified its
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Table 3-3. Excess risk estimates for material hearing impairment/ by age and duration of exposure

5-10 yean of exposure >10 years of exposure

Average
dally

exposure
(dbA)

Age 30 Age 40 Age 50 Age 60 Age 30 Age 40 Age 50 Age <0

Risk
(%)

95%
c r

Risk
(%)

95%
C l

RJsk
(%)

95%
C l

Risk
(%)

95%
C l

Risk
(%)

95%
C l

Risk
(%)

95%
C l

Risk
(%)

95%
C l

Risk
(%)

95%
C l

90 5.4 2.1-9.5 9.7 3.7-16.5 14.3 5.5-24.4 15.9 6.2-26.2 10.3 5.8-16.2 17.5 10.7-25.3 24.1 14,6-33.5 24.7 14.9-34.3

85 1.4 0.3-3.2 2.6 0.6-6.0 4.0 0.9-9.3 4.9 1.0-11.5 2.3 0.7-5.3 4.3 1.3-9.4 6.7 2.0-13.9 7.9 2.3-16.6

80 0.2 0-1.1 0.4 0-2.2 0.6 0.01-3.6 0.8 0.01-4.7 0.3 0-1.8 0.6 0,01-3.3 1.0 0.01-5.2 1.3 0.01-6.8

’1997-N 10SH model for the 1-2-3-4-lcHz definition of hearing impairment 
^¡■confidence interval.
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Table 3-4. Comparison of models for estimating the excess risk of 
material hearing impairment at age 60 after a 40-year working fifetime 

exposure to occupational noise, by definition of material hearing impairment

Average
cxposare

fcvd(dBA)

15-1-2-kH z
defiaitkm

1-2-3-kHx
defiaitioa

1-2-3-4-kH x
defieM ee

1971-
ISO

1972-
NKJSH

1973-
EPA

1990-
1SO

1997-
NIOSH

1972- 1990- 
NIOSH ISO

1997-
NIOSH

1990-
ISO

1997-
N O SH

90 21 29 22 3 23 29 14 32 17 25

*5 10 IS 12 1 10 16 4 14 6 8

80 0 3 5 0 4 3 0 5 1 1

definition of material hearing frnpairment to include4000-Hz when assessing the risk o f 
occupational NIHL. Therefore, with this modification, NIOSH defines material hearing 
impairment as an average o f the HTLs for both ears that exceeds 25 dB at 1000,2000, 
3000, and 4000 Hz. Based on this definition, die excess risk is 8% for workers exposed 
to an average daily noise level o f 85 dBA over a 40-year working lifetime. NIOSH con
tinues to recommend die REL o f 85 dBA as an 8-hr TWA on die basis o f (1) analyses 
supporting the 1972 REL o f 85 dBA as an 8-hr TWA, (2) reanalyses o f die ONHS data,
(3) ASHA Task Force positions on preservation of speech discrimination, and (4) analy
ses o f excess risk o f ISO, EPA, and NIOSH databases.

For extended work shifts (Le., greater than 8 hr), lower exposure limits can be extrapo
lated from the REL of 85 dBA as an 8-hr TWA (see Section 1.1.1 or Table 1-1). Ste
phenson et aL [1980] studied human responses to 24-hr noise exposures and found that 
no temporary threshold shift occurred for broadband noise exposures less than 75 to 
80 dBA. These data are in line with the recommendation that TWA exposures be less 
than 80 to 81 dBA for durations greater than 16 hr.

3.2 Ceiling Limit

Because NIOSH is recommending a 3-dB exchange rate with an 85-dBA REL, a ceiling 
limit for continuous-type noise is unnecessary. For example, with an 85-dBA REL and a 
3-dB exchange fate, an exposure duration of less than 28 sec would be allowed at a 
115-dBA level.

The generally accepted ceiling limit o f 140 dB peak SPL for impulsive noise is based on 
areportbyKryteretaL [1966]. Ward [1986] indicated that “this number was littie more 
than a guess when h  was first proposed.** To date, a proposal for a different limit has not 
been supported. Henderson etaL [1991] indicated that the critical level for chinchillas is 
between 119 and 125 dB; and if  a 20-dB adjustment is used to account for the difference 
in susceptibility between chinchillas and humans, die critical level extrapolated for

24



Chapter 3. Basis for the Exposure Standard

humans would be between 139 and 145 dB. Based on the 85-dBA REL and the 3-dB ex
change rate, die allowable exposure time at 140 dBA is less than 0.1 sec; thus, 140 dBA 
is a reasonable ceiling limit for impulsive noise.

3.3 Exchange Rate

Health effects depend on exposure level and duration. The NIOSH recommendation for 
a 3-dB exchange rate is based in part on the conclusions from a NIOSH contract report 
[Suter 1992a]. This report involved an exhaustive analysis of the relationship between 
hearing loss, noise level, and exposure duration. Although the time/intensity relation
ship is most commonly referred to as the exchange rate, it is also referred to as the “dou
bling rate,” “trading ratio,” and “time-intensity tradeoff.” The 3-dB exchange rate is also 
known as the equal-energy rule or hypothesis, because a 3-dB increase/decrease repre
sents a doubling or halving o f die sound energy. The most commonly used exchange 
rates incorporate either 3dB or5dB  per doubling or halving of exposure duration [Em- 
bleton 1994].

The 3-dB »change rate is die method most firmly supported by scientific evidence for 
assessing hearing impairment as a function of noise level and duration. This rate is al
ready used in die United States by the EPA and the U.S. Department o f Defense. The 
3-dB exchange rate is used worldwide by nations such as Canada, Australia, New Zea
land, the People's Republic o f China, the United Kingdom, Germany, and many others. 
First proposed by Eldred et al. [1955], die 3-dB exchange rate was later supported by 
Bums and Robinson [1970]. The premise behind die 3-dB exchange rate is that equal 
amounts o f sound energy will produce equal amounts of hearing impairment regardless 
o f how the sound energy is distributed in time. Theoretically, this principle could apply 
to exposures ranging from a few minutes to many years. However, Ward and Turner 
[1982] suggest restricting its use to the sound energy accumulated in 1 day. They distin
guish between (1) an interpretation of die total energy theory that would allow an entire 
lifetime o f exposure to be condensed into a few hours and (2) a restricted equal-A- 
weighted-daily-energy interpretation of die theory. Bums [1976] also cautions against 
the misuse of the equal-energy hypothesis, noting that it was based on data gathered 
from workers who experienced 8-hr occupational exposures daily for periods of months 
to years; thus, extrapolation to very different conditions would be inappropriate.

In 1973, die U.S. Air Force adopted a 4-dB exchange rate [U.S. Air Force 1973]. This 
exchange rate is based on an unpublished analysis by H.O. Parrack at the Aerospace 
Medical Research Laboratory. However, a set of curves based on this analysis was pub
lished as Figure 20 in a joint EPA/Air Force report [Johnson 1973]. The 4-dB exchange 
rate came closest to the curve that best described temporary theshold shift at 1000-Hz 
audiometric frequency [Johnson 1973]. However, Johnson [1973] also pointed out that 
according to these curves, die 3-dB exchange rate would best protect hearing at the 
4000-Hz frequency, and the 5-dB exchange rate would be a good compromise ifhearing 
were to be protected only at the midfrequencies—500,1000, and 2000 Hz.
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The relationship between the 3-dB exchange rate and energy can be illustrated as fol
lows. The American National Standard for Acoustical Terminology, ANSI SI. 1-1994 
[ANSI 1994] defines the decibel as a “unit o f level when the base o f the logarithm is the 
tenth root o f ten, and the quantities concerned are proportional to power.. . .  [Ejxamples 
o f quantities that qualify are power (in any form), sound pressure squared, particle ve
locity squared, sound intensity, sound-energy density, and voltage squared. Thus, the 
decibel is a unit o f sound-pressure-squared level; it is common practice, however, to 
shorten this to sound pressure level, when no ambiguity results from so doing.**

Osteigaard [1986] provided a functional elucidation o f die relationships pointed to in 
tiie ANSI definition:

•
In acoustics, decibel notation is utilized for most quantities. The decibel is a 
dimensionless unit based on the logarithm o f the ratio o f a measured quantity 
to a reference quantity. Thus, decibels are defined as follows:

L — k  logio (A/B)

where L is the level in decibels, ̂ 4 and 2? are quantities having the same units, 
and k is a multiplier, either 10 or 20 depending on whether A and B are meas
ures o f energy or pressure, respectively. Any time a level is referred to in 
acoustics, decibel notation is implied. In acoustics all levels are referred to 
some reverence quantity, which is the denominator, B, o f die equation.

Applying this mathematical relationship in the following calculations demonstrates how 
every doubling of energy yields an increase o f 3 dB:

Let X — the exchange rate whereby energy is doubled 
10 Logio (A/B) +JT= 10 Logio (2A/B)
X=  10 Log» (2A/B) - 10 logio (A/B)

= 10 Log, o (2)
= 10(0.301)
= 3.01 dB

This same relationship does not hold true for the 5-dB exchange rate. To derive 5 dB, 
the sound intensity would have to be more than doubled in this equation. Thus, the 5-dB 
exchange rate does not provide for the doubling or halving o f energy per 5-dB 
increment

The 5-dB exchange rate is sometimes called the OSHA rule; it is less protective than the 
equal-energy hypothesis. The 5-dB exchange rate attempts to account for the interrup
tions in noise exposures that commonly occur during the workday [40 Fed. Reg. 12336 
(1975)], presuming that some recovery from temporary threshold shift occurs during 
these interruptions and tike hearing loss is not as great as it would be if  the noise were
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continuous. The rule makes no distinction between continuous and noncontinuous 
noise, and it will permit comparatively long exposures to continuous noise at higher 
sound levels than would be allowed by the 3-dB rule. On the basis o f the limited data that 
existed in the early 1970’s, NIOSH [1972] recommended the 5-dB exchange rate; how
ever, alter reviewing the more recent scientific evidence, NIOSH now recommends the 
3-dB exchange rate.

The evolution o f the 5-dB exchange rate began in 1965 when the Committee on Hearing, 
Bioacoustics, and Biomechanics (CHABA) for the National Academy of Sciences—Na
tional Research Council issued criteria for assessing allowable exposures to continuous, 
fluctuating, and intermittent noise [Kryter et al. 1966]. The CHABA criteria were an at
tempt to predict the hazard from nearly every conceivable noise exposure pattern based 
on temporary threshold shift experimentation. In the development o f its criteria, 
CHABA used Ihe following postulates:

1. TTS2 (temporary threshold shift measured 2 min after a period o f noise exposure) is 
a consistent measure o f the effects o f a single day of exposure to noise.

2. All noise exposures that produce a given TTS2 will be equally hazardous (the equal 
temporary effect theory).

3. Permanent threshold shift produced after many years of habitual noise exposures for 
8 hr per day is about the same as the TTS2 produced in normal ears by an 8-hr exposure 
to the same noise.

However, these CHABA postulates were not validated. Research has been unable to 
demonstrate a simple relationship between temporary threshold shift, permanent thresh
old shift, and cochlear damage [Bums and Robinson 1970; Ward 1970,1980; Ward and 
Turner 1982; Hetu 1982; Clark and Bohne 1978,1986]. The CHABA criteria assumed 
that worker exposures could be characterized by regularly spaced noise bursts inter
spersed with periods that were sufficiently quiet to allow hearing to recover. However, 
this assumption is not characteristic o f many typical industrial noise exposures. Workers 
will always develop temporary threshold shift before sustaining permanent threshold 
shift, barring an ototraumatic incident Temporary threshold shift is a useful metric for 
monitoring the effects of noise exposure; these studies do not imply otherwise.

In general, the CHABA hearing damage risk criteria proved too complicated for general 
use. Botsford [1967] published a simplified set of criteria based on the CHABA criteria. 
One of the simplifications inherent to the Botsford [1967] method was the assumption 
that interruptions would be of “equal length and spacing so that a number o f identical ex
posure cycles would be distributed uniformly throughout the day.” These interruptions 
would occur during coffee breaks, trips to the washroom, lunch, and periods when ma
chines were temporarily shut down.
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During the same period, another related development led to die 5-dB exchange rate. 
Simplifying die criteria developed by Glorig et aL [1961] and adopted by ISO [1961], 
die Intersociety Committee [1970] published its criteria, which consisted o f a table 
showing permissible exposure levels (starting at 90 dBA) as a function o f duration and 
die number of occurrences per day. The exchange rates varied considerably depending 
cm noise level and frequency o f occurrence. For continuous noise with durations o f less 
than 8 hr, die Committee recommended maximum exposure levels based on a 5-dB ex
change rate. The only field study that has been repeatedly cited as supporting the 5-dB 
rule is one study of coal miners by Satalofif et aL [1969].

In 1969, die U.S. Department o f Labor promulgated a noise standard [34 Fed. Reg. 790 
(1969a)] under die authority o f die Walsh-Healey Public Contracts A ct The standard 
contained a PEL o f 90 dBA for continuous noise. Exposure to varying or intermittent 
noise was to be assessed over a weekly period according to a large table o f exposure in
dices. The exchange rate varied according to level and duration: a rate o f 2 to 3 dB was 
used for long-duration noises o f moderate level, and 6 to 7 dB was used for shoct- 
duration, high-level bursts. This standard was withdrawn alter a short period. Lata* in 
1969, die Walsh-Healey noise standard that is in effect today was issued [34 Fed. Reg. 
7948 (1969b)]. In this version, any special criteria for varying or intermittent noise had 
disappeared, and the 5-dB exchange rate became official. Thus, the 5-dB exchange rate 
appears to have been the outgrowth ofthe many simplifying processes that preceded i t

Beginning with the study o f Bums and Robinson [1970], the credibility o f the 3-dB rale 
has been increasingly supported by numerous studies and by national and international 
consensus [EPA1973,1974; 39 Fed. Reg. 43802 (1974b); ISO 1971; von Gierke et aL 
1981; ISO 1990; V S . Air Force 1993; U.S. Anny 1994; ACGIH 1995].

Data from a number o f field studies correspond well to the 3-dB rule (equal-energy 
hypothesis), as Passchier-Venneer [1971,1973] and Shaw [1985] have demonstrated. 
In Passchier-Vermeer’s [1973] portrayal o f the data, the Passchier-Vermeer [1968] and 
die Bums and Robinson [1970] prediction models for hearing losses as a function o f 
continnous-noise exposure level fit die data on hearing losses from varying or intermit
tent noise exposures quite well. The fact that comparisons using the newer ISO standard 
[ISO 1990] corroborate Passchier-Vermeer’s findings laid  additional support to die 
equal-energy hypothesis.

Some older field data from occupations such as forestry and mining show less hearing 
loss than expected when compared with equivalent levels o f continuous noise [Satalofif 
et aL 1969; Holmgren et aL 1971; Johansson et aL 1973; INRS 1978]. However, these 
findings have not been supported by the two NIOSH [1976,1982] studies o f intermit
tently exposed workers or the analyses conducted by Passchier-Vermeer [1973] and 
Shaw [1985].

Data from animal experiments support the use of the 3-dB exchange rate for single ex
posures o f various levels within an 8-hr day [Ward and Nelson 1971; Ward and Turner
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1982; Ward et al. 1983]. Nevertheless, several animal studies have demonstrated that 
some recovery may occur during the “quiet” periods of an intermittent noise exposure 
[Bohne and Pearse 1982; Ward and Turner 1982; Ward et al. 1982; Bohne et al. 1985; 
Bohne et aL 1987; Clark et al. 1987]. However, these benefits are likely to be smaller or 
even nonexistent in the industrial environment, where sound levels during quiet periods 
are considerably higher and where interruptions are not evenly spaced.

The possible ameliorative effect o f intermittency does not justify the use of die 5-dB ex
change rate. Fot example, although Ward [1970] noted that some industrial studies have 
shown lower permanent threshold shifts from intermittent noise exposure than would be 
predicted by the 3-dB rule, he did not favor selection of the 5-dB exchange rate as a com
promise to compensate for the effects ofintennittency, because it would allow single ex
posures at excessively high levels. In his opinion, “this compromise was futile and 
perhaps even dangerous” [Ward 1970].

One response to the evidence from the animal studies and certain field studies would be 
to select the 3-dB exchange rate but to allow an adjustment (increase) to the PEL for cer
tain intermittent noise exposures, as suggested by EPA [1974] and Johansson et al. 
[1973]. This response would be in contrast to a  5-dB exchange rate, for which there is lit
tle scientific justification. Ideally, if  an adjustment is needed, the amount should be de
termined by the temporal pattern o f the noise and the levels o f quiet between noise 
bursts. At this time, however, little quantitative information is available about these pa
rameters in industrial environments. Therefore, the need for an adjustment should be 
clarified by further research. Although the 3-dB rule may be somewhat conservative in 
truly intermittent conditions, the 5-dB rule will be underprotective in most others. The 
3-dB exchange rate is die method most firmly supported by the scientific evidence for 
assessing hearing impairment as a function of noise level and duration, whether or not an 
adjustment is used for certain intermittent exposures.

3.4 Impulsive Noise

The OSHA occupational noise standard [29 CFR 1910.95] states: “Exposure to impul
sive or impact noise should not exceed 140 dB peak sound pressure.” Thus, in this con
text, the 140-dB limit is advisory rather than mandatory. This number was first proposed 
by Kryter et al. [1966] and later acknowledged by Ward [1986] as little more than a 
guess. NIOSH [1972] did not address the hazard o f impulsive (i.e., impulse or impact) 
noise, although NIOSH stated that the provisions of the recommended standard in the 
criteria document were intended to apply for all noise. Although there is yet no unanim
ity as to which criteria best describe the relationship between NIHL and exposure to im
pulsive noise, either by itself or in the presence of continuous-type (i.e., continuous, 
varying, or intermittent) noise, there is an international standard that has become widely 
used by most industrial nations. This standard, ISO 1999, Acoustics—An Estimation o f 
Noise-Induced Hearing Impairment [ISO 1990], integrates both impulsive and 
continuous-type noise (and uses the 3-dB exchange rate of the equal-energy rule) when 
calculating sound exposures over any specified time period. NIOSH concurs with this
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approach and recommends that noise exposure levels be calculated by integrating all 
noises (both impulsive and continuous-type) over die duration o f die measurement

Despite its simplicity, die equal-energy rule is not universally accepted as a method for 
characterizing exposures that consist o f both impulsive and continuous-type noises. 
Another approach favors evaluating impulsive noise separate from that o f continuous- 
type noise. Studies that would argue for this approach will be discussed first, followed 
by a discussion of studies elucidating the rationale for the NIOSH position on the equal- 
energy rule.

3.4.1 Evidence That Impulsive Noise Effects Do Not Conform to the 
Equal-Energy Rule

In her evaluation o f the effects o f continuous and varying noises on hearing, Passchier- 
Vermeer [1971] found that the HTLs of workers in steel construction works did not con
form to the equal-energy hypothesis; that is, the hearing losses in these workers, who 
were exposed to noise levels with impulsive components, were higher than predicted. 
Later studies by Ceypek et aL [1973], Hamemik and Henderson [1976], and Nilsson 
et aL [1977] also indicated that continuous and impulsive noises have a synergistic 
rather than additive effect on hearing.

Comparing the studies ofPasschier-Vermeer [1973] and ofBums and Robinson [1970], 
Henderson and Hamemik [1986] suggested that the steeper slope o f Passchier- 
Vermeer’s exposure-response curve at the 4000-Hz audiometric frequency might have 
been due to noise exposures that contained impulsive components, a characteristic not 
present in the Bums and Robinson data. Citing die similarity o f Passchier-Vermeer’s 
data to those collected by Taylor et al. [1984] and Kuzniarz et al. [1976] on workers ex
posed to impulsive noise environments, Henderson and Hamemik [1986] indicated that 
exposure to continuous and impulsive noises in combination may be more hazardous 
than exposure to continuous noise alone.

Voigjht et al. [1980] studied noise exposure patterns in the building construction industry 
and related the equivalent continuous sound level for 8 hr (¿Aeqttr)to audiometric records 
of more than 81,000 construction workers in Sweden. They found differences in hearing 
loss among groups exposed to noise o f die sameZ'Aeq&.r but with different temporal char
acteristics. Groups exposed to impulsive noise had more hearing loss than those exposed 
to continuous noise o f the same Laô

Sulkowski and Lipowczan [1982] conducted noise measurement and audiometric test
ing in a drop-forge factory. The HTLs o f424workers in the factory were compared with 
the predicted values according to the Bums and Robinson equation [1970]. The ob
served and predicted values differed in that the observed hearing loss was smaller than 
predicted at the lower audiometric frequencies, but the observed hearing loss was 
greater than predicted at the higher audiometric frequencies. In their study of hearing 
loss in weavers, who were exposed to continuous noise, and drop-forge hammer men,
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who were exposed to impact noise o f equivalent energy, Sulkowski et al. [1983] found 
that the hammer men had substantially worse hearing than the weavers.

Thiery and Meyer-Bisch [1988] conducted a cross-sectional epidemiologic study at an 
automobile manufacturing plant The automotive workers were exposed to continuous 
and impulsive raises at ¿Acq^ ranging from 87 to 90 dBA. When their HTLs were com
pared with those o f workers exposed to continuous noise at o f 95 dBA for the
same exposure time, the automotive workers showed greater hearing losses at the 
6000-Hz audiometric frequency than the reference population after 9 years o f exposure.

Staxck et aL [1988] compared at the4000-Hz audiometric frequency the HTLs of forest 
workers using chain saws and shipyard workers using hammers and chippers. The forest 
workers were exposed to continuous-type noise, whereas the shipyard workers were ex
posed to impact noise. Starck et al. [1988] also used the immission model developed by 
Bums and Robinson [1970] to predict the HTLs for both groups. They found that the 
Bums and Robinson model was accurate at 4000 Hz for the forest workers; however, it 
substantially underestimated die HTLs at 4000 Hz for the shipyard workers.

The studies described here provide evidence that the effects o f combined exposure to 
impulsive and continuous-type noises are synergistic rather than additive, as die equal- 
energy hypothesis would support One measure for protecting a worker from such syn
ergistic effects would be to require that a correction factor be added to a measured TWA 
noise exposure level when impulsive components are present in the noise. The magni
tude of such a correction has not been quantified. The matter becomes more complicated 
when other parameters o f impulsive noise are considered. Noise energy does not appear 
to be the only factor that affects hearing. The amplitude, duration, rise time, number of 
impulses, repetition rate, and crest factor also appear to be involved [Henderson and 
Hamemik 1986; Starck and Pekkarinen 1987; Pekkarinen 1989], The criteria for expo
sure to impulsive noise based on the interrelationships o f these parameters await the re
sults o f further research.

3.4.2 Evidence That Impulsive Noise Effects Conform to the Equal- 
Energy Rule

In 1968, CHABA published damage risk criteria for impulsive noise based on the 
equal-energy hypothesis [Ward 1968]. Over the years, individuals and organizations 
have supported treating impulsive noise on an equal-energy basis [Coles et al. 1973; 
EPA 1974; Coles 1980; ISO 1990].

Bums and Robinson [1970] proposed die concept of immission, which is based on the 
equal-energy hypothesis, to describe the total energy from a worker’s exposure to con
tinuous noise over a period of time (i.e., months or years). Atherley and Martin [1971] 
modified this concept to include impulsive noise in the calculation o f the
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In a study o f 76 men who were exposed to impact noise in two drop-forging factories, 
Atheriey and Martin [1971] calculated each man’s noise exposure (immission level) 
during his employment period and plotted it against his age-corrected HTLs over six 
audiometric frequencies. They found that die observed HTLs o f die population came 
close Id  the predicted HTLs according to Robinson [1968] and concluded th a t  th e  

equal-energy hypothesis was applicable to impact noise. Similarly, Atheriey [1973] ex
amined die HTLs of 50 men exposed to impact noise produced by pneumatic chisels 
used on metal castings and found good agreement between observed and predicted 
HTLs.

Guberan et aL [1971] compared die HTLs o f 70 workers exposed to impact noise in 
drop-forging workshops with the predicted HTLs according to Robinson [1968] at the 
3-, 4-, and 6-kHz audiometric frequencies. Again, die observed HTLs were in close 
agreement with the predicted HTLs.

A study of716 hammer and press operators in 7 drop forges by Taylor etaL [1984] indi
cated that hearing losses resulting from impact and continuous noises in the drop- 
forging industry w oe as great or greater than those resulting from equivalent continuous 
noise. Using noise dosimetry, Taylor et aL [1984] found that die hammer operators w oe 
exposed to an average ¿Acqsv o f 108 dBA, whereas the press operators were exposed to 
99 dBA. The investigators also conducted audiometry for the operators. The median 
HTLs of hammer operators o f all age groups approximated those predicted by the Rob
inson [1968] immission model. The median HTLs o f younger press operators (aged 15 
to 34) also corresponded closely with the predicted values; however, those o f older press 
operators (aged 34 to 54) were significantly higher than predicted. These results indicate 
that, up to certain limits, the equal-eneigy hypothesis can be applied to combined expo
sure to impact and continuous noises.

3.4.3 Combined Exposure to Impulsive and Continuous-Type Noises

In many industrial operations, impulsive noise occurs in concert with a background of 
continuous-type noise. In some animal studies die effects o f combined exposure to 
continuous-type and impulsive noises appear to be synergistic at high exposure levels 
(HamemiketaL 1974]. But die synergism disappears when the exposure levels are com
parable with those found in many common industrial environments [Hamemik et aL 
1981]. Whether the effects o f combined exposure are additive or synergistic, exposure 
to these noises causes hearing loss; thus die contribution of impulse noise to the noise 
dose should not be ignored. If  the effects are additive, the 85-dBA REL with the 3-dB 
exchange rate would be sufficiently protective. If  die effects are synergistic, die same 
would still be protective to a smaller extent NIOSH therefore recommends that the REL 
o f 85 dBA as an 8-hrTWA be applicable to all noise exposures, whether such exposures 
are from continuous-type noise, impulsive noise, or combined continuous-type and im
pulsive noises.
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Measurement
No single method or process exists for measuring occupational noise. Hearing safety 
and health professionals can use a variety o f instruments to measure noise and can 
choose from a variety o f instruments and software to analyze their measurements. The 
choice of a particular instrument and approach for measuring and analyzing occupa
tional noise depends on many factors, not the least of which will be die purpose for the 
measurement and the environment in which the measurement will be made. In general, 
measurement methods should conform to die American National Standard Measure
ment o f Occupational Noise Exposure, ANSI S12.19-1997 [ANSI 1996a]. However, it 
is beyond die scope of this document to serve as a manual for operating equipment and 
making sound measurements. Rather, this chapter will be limited to concise remarks 
relevant to operating the two most commonly used instruments for measuring noise ex
posures: the sound level meter and die noise dosimeter. More detailed discussions about 
instrumentation and measurement protocols appear in reference sources such as NIOSH 
[1973], Earshen [1986], Johnson et aL [1991], and Harris [1991].

4.1 Sound Level Meter
The sound level meter is die basic measuring instrument for noise exposures. It consists 
o f a microphone, a frequency selective amplifier, and an indicator. At a minimum, it 
measures sound level in dB SPL. An integrating function may be included to automate 
die calculation o f the TWA or the noise dose.

4.1.1 Frequency Weighting Networks
The human ear is not equally responsive to all frequencies; it is most sensitive around 
4000Hz and least sensitive in the low frequencies. The responses of die sound level me
ter are modified with frequency-weighting networks that represent some responses of 
the human ear. These empirically derived networks approximate die equal loudness- 
weighting networks or scales; some also have a B-scale. The A-scale, which approxi
mates the ear’s response to moderate-level sounds, is commonly used in measuring 
noise to evaluate its effect on humans and has been incorporated in many occupational 
noise standards. Table 4-1 shows die characteristics o f these scales.

4.1.2 Exponential Time Weighting
A sound level meter's response is generally based on either a FAST or SLOW expo
nential averaging. FAST corresponds to a 125-millisecond (ms) time constant; SLOW
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Table 4-1. Relative response of sound level meter weighting networks*

Octave-center frequency (Hz)

Weighted response (dB)

A scale Bscale C scale

31.5 -39.4 -17.1 -3.0
63 -26.2 -93 -0.8

125 -16.1 -4.2 -0.2
250 -8.6 -13 0
500 -3.2 -03 0

1,000 0 0 0
2,000 12 -0.1 -02
4,000 1.0 -0.7 -0.8
8,000 -1.1 -2.9 -3.0

16,000 -6.6 -8.4 -8.5

"Adapted from ANSI [1983}.

corresponds to a 1-s time constant The meter dynamics are such that the meter will 
reach 63% o f the final steady-state reading within one time constant The meter indica
tor reflects the average SPL measured by the meter during the period selected. In most 
industrial settings, the meter fluctuates less when measurements are made with the 
SLOW response compared with the FAST response. A rapidly fluctuating sound gener
ally yields higher maximum SPLs when measured with a FAST response. The choice o f 
meter response depends on the type of noise being measured, the intended use of the 
measurements, and the specifications of any applicable standard. For typical occupa
tional noise measurements, NIOSH recommends that the meter response on a sound 
level meter be set at SLOW.*

4.1.3 Microphones for Sound Level Meiers
The correct use o f die microphone is extremely important in obtaining accurate meas
urements. Microphones come in many types and sizes. A microphone is typically de
signed for use in a particular environment across a specific range o f SPLs and 
frequencies. In addition, microphones differ in their directionality. For example, some 
are intended to be pointed directly at the sound; and others are designed to measure 
sound from a “grazing” angle o f incidence. Thus users should follow the sound level 
meter manufacturer’s instructions regarding the type and size of microphone and its ori
entation toward a sound. Also, care should be taken to avoid shielding the microphone 
by persons or objects [ANSI 1996a]. When measuring a diffuse sound field, the person 
conducting the measurement should hold the microphone as far from his or her body as 
practical [Earshen 1986].

"Meters that are set to integrate or avenge sound do not use either the FAST or SLOW time constant; they 
will sample many times each second. For a more detailed description o f exponential time weighting, re
fer to Yeager and March [1991].
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4.2 Noise Dosimeter
Measuring noise with a sound level meter is relatively simple when the noise levels are 
continuous and when die worker remains essentially stationary during the work shift A 
noise dosimeter is preferred for measuring a worker’s noise exposure when the noise 
levels are varying or intermittent, when they contain impulsive components, or when the 
worker moves around frequently during the work shift

The noise dosimeter may be thought o f as a sound level meter with an additional storage 
and computational function. It measures and stores the sound levels during an exposure 
period and computes the readout as the percent dose or TWA. Many dosimeters avail
able today can provide an output in dose or TWA using various exchange rates (e.g., 3, 
4, and 5 dBX 8-hr criterion levels (e.g., 80,84,85, and 90 dBA), and sound measurement 
ranges (e.g., 80 to 130 dBA). The choice of FAST or SLOW meter response on die do
simeter does not affect die computed noise dose or TWA when the 3-dB exchange rate is 
used, but it will when other exchange rates are used [Earshen 1986].

In noise dosimetry, the microphone is attached on the worker whose exposure is being 
measured. The placement o f the microphone is important in estimating the worker's ex
posure, as Kuhn and Guernsey [1983] have found large differences in die sound distri
bution about die body. ANSI [1996a] specifies that the microphone be located on the 
midtop o f the worker’s more exposed shoulder and that it be oriented approximately 
parallel to die plane of this shoulder.

4.3 Range of Sound Levels
OSHA requires dial, for the purposes o f the Hearing Conservation Amendment, all 
sound levels from 80 to 130 dBA be included in the noise measurements [29 CFR 
1910.95(dX2)(I)]. This range was specified on the basis o f instrument capabilities avail
able at that time [ANSI 1978], and OSHA had intended to increase the upper limit o f the 
range to 140 or 150 dB as improved dosimeters became readily available [46 Fed. Reg. 
4135 (1981b)].

To measure all sound levels from 80 to 140 dBA, a noise dosimeter should have an oper
ating range of at least 63 dB and a pulse range o f die same magnitude. In contrast, the 
ANSI SI.25-1991 standard specifies that dosimeters should have an operating range of 
at least 50 dB and a pulse range of at least 53 dB [ANSI 1991a]. Today, noise dosimeters 
with operating and pulse ranges in excess o f 65 dB are quite common. Therefore, 
NIOSH considers that measuring all sound levels from 80 to 140 dBA with a noise 
dosimeter is technically feasible.



Hearing Loss Prevention Programs 
(HLPPs)

Whenever hazardous noise exists in the workplace, measures should be taken to reduce 
noise levels as much as possible to protect exposed workers and to monitor the effective
ness o f these intervention processes. Employers have an obligation to protect their 
workers from this debilitating occupational hazard [46 Fed. Reg. 4078 (1981a); 48 Fed. 
Reg. 9738 (1983)]. In addition, research has shown that implementing effective HLPPs 
(also known as hearing conservation programs) has numerous other benefits in the 
workplace [NIOSH1996]. For example, Cohen [1976] found reduced employee absen
teeism following the establishment o f a hearing conservation program. Similarly, 
Schmidt et al. [1980] reported a reduction in workplace injuries following the introduc
tion o f a hearing conservation program. Alternatively, other reports have documented 
detrimental nonauditory effects o f noise, such as decreased productivity in high noise 
environments [Noweir 1984; Suter 1992b]. Employers who effectively protect their 
workers' hearing may also reap the economic benefits o f lower workers' compensation 
rates because o f fewer claims for NIHL.

NIOSH recommends that HLPPs be implemented for all workers whose unprotected 
8-hr TWA exposures (Le., exposures incurred without the use o f hearing protectors) 
equal or exceed 85 dBA and that the programs include at least the following components 
[NIOSH 1996]:

1. Initial and annual audits o f procedures

2. Assessment o f noise exposures

3. Engineering or administrative control o f noise exposures

4. Audiometric evaluation and monitoring o f workers' hearing

5. Use of hearing protectors for exposures equal to or greater than 85 dBA, regardless 
o f exposure duration

6. Education and motivation o f workers

7. Recordkeeping

8. Program evaluation for effectiveness

CHAPTERS
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Today, no legitimate reason exists for any worker to incur an occupational hearing loss 
[NIOSH 1996]. Implementation of an HLPP must hinge on the fact that occupational 
NIHL is 100% preventable. The key to developing and implementing an effective pro
gram lies in a commitment by both management and workers to prevent hearing loss 
[Helmkampetal. 1984]. This end is facilitated by integrating the HLPP into the compa
ny’s overall health and safety program [Berger 1981; NIOSH 1996]. This step gives the 
prevention of hearing loss the same weight as the prevention of other work-related ill
nesses and injuries, thus indicating to workers and management that occupational hear
ing loss must be taken seriously. Other factors that facilitate an effective HLPP include 
encouraging workers to carry over their good hearing conservation practices to off-the- 
job situations; using simple, clearly-defined procedures; malcing compliance with the 
HLPP a condition o f employment; and incorporating safety requirements into written 
company policy.

5.1 Personnel Requirements

Responsibility for developing and implementing an HLPP usually resides with a team o f 
professionals. The American Occupational Medical Association (AOMA) [1987] iden
tifies the team approach to hearing conservation as necessary for its success. The 
number o f team members and their professional disciplines may vary with die kind 
o f company and die number of noise-exposed workers; however, members frequently 
include audiologists, physicians, occupational health nurses, occupational hearing con
servationists, engineers, industrial hygienists, safety professionals, management repre
sentatives, and employee and union safety representatives.

Regardless of whether program responsibility resides with a team or a single individual, 
one person should act as champion for the program, maintaining overall responsibility 
for its implementation [NIOSH 1996; Royster and Royster 1990]. This individual will 
be referred to in this document as the “program implementor.” The program implemen
tor should ensure that all aspects o f the program are fully and properly administered and 
should enlist the support o f management and workers in actively preventing hearing 
loss. Royster and Royster [1990] recommend that the primary qualification of the pro
gram implementor be a genuine interest in preserving workers’ hearing. AOMA [1987] 
recommends that the program implementor be a physician. NIOSH [1996] maintains 
that die professional discipline of the program implementor is not as important as his or 
her ability to act as the champion o f the HLPP by focusing management and worker at
tention on hearing conservation issues. In addition, the program implementor’s stature 
in the organization should allow him or her to make decisions, correct deficiencies, en
force compliance, and supervise other team members with regard to the program.

In addition to the program implementor, one person should be responsible for the audio
metric aspects o f the HLPP; this person will be referred to in this document as die 
“audiometric manager.” The professional qualifications o f this person are critical. The 
audiometric manager should be an audiologist or a physician specializing in otological 
or occupational medicine. The program implementor and the audiometric manager may
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be the same person—provided that he or she meets die qualifications for both positions. 
If  the program implementor and the audiometrìe manager are not the same person, the 
audiometrìe manager should report to the program implementor, regardless o f the pro
fessional credentials o f either party.

5.2 Initial and Annual Audits (Component 1)

Ideally, an initial audit should be conducted before an HLPP is implemented or any 
changes are made to an existing program. This audit will serve as a basis for assessing 
the effectiveness o f an improved program. The audit should begin by examining admin* 
istrative issues such as corporate responses to safety and health regulations, official poli
cies promoting good safety and health practices, assurance o f adequate resources to 
conduct the program, and the status o f the program implementor within the company. 
Current engineering and administrative controls should be evaluated, and the systems 
for monitoring noise exposures and conducting audiometry should be critically exam
ined. Employee and management training should be noted, and past successes and fail
ures should be analyzed so that improvements can be made. In particular, if  engineering 
and administrative controls are insufficient, auditors should note whether effective 
training is provided in the selection, fitting, and daily use of hearing protectors. Record
keeping procedures should be inspected meticulously because methods for maintaining 
records o f audiometry, noise exposure, and other aspects o f the overall program can 
greatly influence the success or failure o f a program. NIOSH recommends that an HLPP 
audit be conducted annually as a part o f an overall program evaluation so that the 
strengths o f the program may be clearly identified and weaknesses promptly addressed 
[NIOSH 1996].

5.3 Exposure Assessment (Component 2)

Section 6(bX7) of the Occupational Safety and Health Act o f1970 [29 USC 651 et seq.] 
requires that, where appropriate, occupational health standards provide for monitoring 
or measuring employee exposure at the locations and intervals and in the manner neces
sary for the protection of employees. Accurate characterization of the noise hazard pres
ent in the workplace and the subsequent identification o f affected workers are both 
extremely important These two elements form the basis for all subsequent actions 
within the HLPP [NIOSH 1996]. Monitoring procedures should be specifically defined 
to ensure consistency. Instrumentation, calibration, measurement parameters, and meth
ods for linking results to worker records should be dearly delineated. Exposure assess
ment should be done during typical production cycles; however, if  noise levels vary 
significantly during different phases o f production, then exposures should be assessed 
separately for each phase [Royster and Royster 1990; NIOSH 1996].

Exposure assessment should be conducted by an industrial hygienist, audiologist, or other 
professional with appropriate training [NIOSH 1996]. Workers should be permitted and 
encouraged to observe and participate in monitoring activities insofar as such observation
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or participation does not interfere with the monitoring procedure. Their participation 
will help ensure valid results, as the workers frequently have the experience to identify 
die prevailing noise sources, indicate periods when noise exposure may differ, and rec
ognize whether given noise levels are typical or atypical. They can explain how different 
operating modes affect equipment sound levels and they can describe worker tasks and 
positions. The cooperation of workers is also critical to ensure that workers do not ad
vertently or inadvertently interfere with obtaining valid measurements. The initial expo
sure monitoring can serve as an introduction to die HLPP by raising die awareness of 
workers and management regarding noise as a hazard. The monitoring survey, if  con
ducted cooperatively, can help establish a rapport that will help obtain the cooperation 
of both workers and essential management in later phases o f the program [Royster and 
Royster 1990; NIOSH 1996].

The frequency with which noise exposure assessments are updated depends on several 
variables. These might include die intensity of the noise, potential changes in exposure 
due to changes in equipment or production, the rate of significant threshold shift noted 
among workers, other changes noted in additional measures of program effectiveness, 
requirements o f various governmental regulations, workers’ compensation require
ments o f individual States, union contract stipulations, and specific company policies 
[Royster et al. 1986].

In general, after the initial exposure assessment, NIOSH [1996] recommends that expo
sure monitoring be repeated periodically—at least every 2 years for noise levels equal to 
or greater than 95 dBA and at least every 5 years for noise levels less than 95 dBA. Peri
odic noise monitoring will identify situations where the noise levels have changed be
cause of, for example, aging equipment, equipment with maintenance problems, and 
undocumented process changes. Monitoring shall be repeated sooner if  a change in pro
duction, process, equipment, or personnel might affect exposure levels [Royster et al. 
1986; Royster and Royster 1990; NIOSH 1996].

Workers shall be notified o f the noise exposure level determined for their particular job 
and die relative risk that such an exposure poses to their hearing. This information 
should also be cross-referenced to individual worker records. Notification should in
clude a description of die specific hazardous noise sources in the worker’s area, the 
purpose and proper use of any noise control devices, and requirements for hearing pro
tectors, if  appropriate. This notification can be incorporated into the worker training 
program [Royster and Royster 1990; NIOSH 1996]. The notification may also be posted 
in the work area. Noise contour maps may be posted and readily available for the entire 
facility, so that workers may be made aware of die noise levels in other areas. In cases 
where noise is due to a process, notification may include a list of noise-hazardous 
processes.

At a minimum, warning signs should be posted on die periphery of noise areas [Royster 
and Royster 1990; NIOSH 1996]. The warning signs should include a requirement that 
hearing protectors be worn in die area, and a supply of several types of hearing protec
tors should be readily accessible. Signs should communicate to workers graphically and
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should be printed in English and in die predominant language o f the workers who do not 
read English.

5.4 Engineering and Administrative Controls (Component 3)

For occupational hearing loss prevention, NIOSH defines engineering control as “any 
modification or replacement o f equipment, or related physical change at the noise 
source or along the transmission path (with die exception ofhearing protectors) that re
duces the noise level at the employee’s ear* [NIOSH 1996]. Typical mechanisms for en
gineering noise controls include reducing noise at die source (installing a muffler), 
altering the noise path (building an acoustic enclosure or barrier), reducing reverbera
tion (covering walls with sound-absorbing materials), and reducing equipment vibration 
(installing vibration mounts). Engineering controls should be the first order o f protec
tion from excessive noise exposure [46 Fed. Reg. 4078 (1981a); Suter 1986; AOMA 
1987]. When the noise can be reduced or eliminated through engineering controls, the 
danger to hearing is also reduced or eliminated. Where periodic noise monitoring is 
conducted, die feasibility o f employing engineering controls should be reevaluated, 
with priority given to noise sources that affect die greatest number o f workers. Any re
duction in noise level (even if  it is only a few decibels) serves to make the noise hazard 
more manageable, reduces the risk ofhearing loss, improves communication, and low
ers annoyance and related extra-^auditory problems associated with high noise levels 
[NIOSH 1996]. Furthermore, when the noise can be reduced to acceptable levels 
through engineering controls, employers may forego some o f die additional difficulties 
and expenses related to providing hearing protectors, education and motivation pro
grams, and program evaluation [Royster and Royster 1990].

To reduce noise in an existing facility, it is generally necessary to retrofit engineering 
controls. Development o f these controls should involve engineers, safety and industrial 
hygiene personnel, and die workers who operate, service, and maintain die equipment 
Development o f special noise control measures must be predicated on a thorough as
sessment o f the noise source and individual worker exposure. Consideration should be 
given to die relative contribution o f each noise source to die overall sound levels. Vari
ous noise control options should be evaluated on the basis o f their effectiveness, cost, 
technical feasibility, and implications for equipment use, service, and maintenance. 
Other potential complications o f new noise control measures (such as effects on light
ing, heat production, ventilation, and ergonomics) should be considered [NIOSH 1996]. 
Engineering controls must always consider the proper maintenance o f equipment In ad
dition, die function and purpose o f any planned or existing engineering controls should 
be fully discussed with the workers so that they support the controls and do not inadver
tently interfere with them [NIOSH 1996].

Management should also consider noise reduction when planning for new or remodeled 
facilities. Engineering controls can be most effective when they are incorporated into 
the design and purchase o f equipment from the start In addition, the cost o f incorporat
ing engineering controls during die design phase is generally much lower than
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retrofitting them at a later date. The ultimate noise level can be substantially reduced by 
substituting more sound-absorbent materials, modifying equipment structure or me
chanical processes, and isolating sources within the equipment [Haag 1988a].

A “buy-quiet” policy for new equipment acquisitions should be adopted by manage
ment [Royster and Royster 1990; Brogan and Anderson 1994; NIOSH 1996]. Haag 
[1988b] describes a four-part process that management can implement to have an effec
tive buy-quiet policy. The process includes selecting products or operations to be tar
geted for noise reduction through new purchases, setting criteria for new equipment 
noise levels, requesting noise level specifications from manufacturers, and including 
these noise level data in bid evaluation. Again, input from workers should be incorpo
rated into the buying process.

When engineering controls are inadequate, supplemental administrative controls may 
be utilized to help limit exposures. Administrative controls are defined as changes in the 
work schedule or operations that reduce worker noise exposures. For example, some
times workers can be scheduled so that their time in a noisy environment is minimized. 
When extremely noisy operations are unavoidable, the number o f workers permitted to 
work in such an environment should be minimized. In all cases, die application of ad
ministrative controls should not result in exposing more workers to noise. Finally, a 
quiet, clean, and conveniently located lunch and break area should be provided to give 
workers periodic relief from workplace noise.

5.5 Audiometric Evaluation and Monitoring (Component 4)

Audiometric evaluation of workers* hearing is crucial to the success o f an HLPP be
cause it is the only way to actually determine whether occupational hearing loss is being 
prevented. Because occupational hearing loss occurs gradually, affected employees of
ten notice no change in hearing ability until a relatively large change in their hearing 
sensitivity has occurred. The annual comparison of audiometric tests can trigger prompt 
hearing loss program interventions, initiating protective measures and motivating em
ployees to prevent further hearing loss.

5.5.1 Audiometry

Audiometry shall be conducted by an audiologist, a physician, or by an occupational 
hearing conservationist certified by the CAOHC or the equivalent All testing shall be 
supervised by an audiologist, an otologist, or an occupational physician. Occupational 
hearing conservationists should follow the training guidelines proposed by the National 
Hearing Conservation Association (NHCA) [1987]. Use of microprocessor-based or 
self-recording audiometers should not waive the qualification requirements for the 
tester.

For audiometric testing to be beneficial, management must allocate sufficient time and 
resources to allow for timely and accurate testing. The testing must be conducted
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carefully to ensure die integrity o f the audiometrìe data. Effective communication and 
coordination are critical among management, health service providers, and workers.

Audiometry shall, at a minimum, consist o f pure-tone air-conduction threshold testing 
of each ear at 500,1000,2000,3000,4000, and6000Hz. Although this entire frequency 
range is not used in the assessment o f OSHA’s standard threshold shift (STS), all of 
these frequencies are important in deciding the probable etiology o f a hearing loss. To 
enhance the decision about probable etiology, testing at 8000 Hz should also be con
sidered. Sufficient time should be taken to conduct die test accurately. Testing too 
quickly sacrifices accuracy and gives the worker the impression that audiometry and the 
HLPP are unimportant [NIOSH1996].

Audiograms are displayed and stored as tables or charts ofhearing thresholds measured 
in each ear at specified test frequencies. In OSHA-mandated hearing conservation pro
grams, thresholds must be measured for pure-tone signals at the test frequencies o f500,
1000,2000,3000,4000, and 6000 Hz [29 CFR 1910.95(hXl)]. At each frequency, the 
threshold recorded for an ear is the lowest signal output level o f the audiometer at which 
the individual responds in a specified percentage of trials (such as 50%) or in two of 
three trials. Hearing thresholds are measured in dB HTL (decibels, hearing threshold 
level), with 0 dB HTL representing average hearing ability for young people with no 
otological pathology.* Larger threshold values indicate poorer-than-average hearing; 
smaller threshold values (negative thresholds such as -5 o r-10 dB) indicate better than 
average hearing.

A person’s audiometrìe threshold at a given test frequency is not an unchanging quan
tity. Measurement variability is associated with the state o f the subject (including the 
subject’s prior audiometrìe experience, attention, motivation, the influence of upper res
piratory problems, drugs, and other factors) and with the testing equipment and method
ology [Morrill 1986]. The higher the measurement variability, die more difficult it is to 
distinguish actual changes in hearing threshold.

Noise exposure increases hearing thresholds, resulting in threshold shifts toward higher 
values (poorer hearing). Occasionally, exposure to extremely intense noise may cause 
an immediate, permanent hearing loss known as acoustic trauma. Most often, exposure 
to less intense noise causes the gradual development of hearing damage over months 
and years. During each overexposure to noise the ear develops a temporary reduction in 
sensitivity called temporary threshold shift. This shift reverses over a period of hours or 
days if  the ear is allowed to rest in a quieter environment However, if  the exposure is 
high enough or if  exposures are repeated, the temporary threshold shift may not reverse 
completely, and a permanent threshold shift begins to develop.

Although the magniftxlc o f the temporary threshold shift cannot be used to predict the 
magnitude of the pennanent threshold shift, the former serves as aprecursor to the latter.

“Whenever the unit dB is used in sudiometric testing, it actually refers to dB HTL.
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NIOSH therefore suggests that monitoring audiometry be conducted on noise-exposed 
workers at the end of or late in their daily work shifts. Discovering and taking action to 
prevent further temporary threshold shift will result in more thorough worker protection 
from permanent hearing damage. If the annual monitoring audiometry is performed at 
the beginning of work shifts or before the workday begins, temporary threshold shifts 
that might have been present from the previous day’s noise exposure will have been re
solved—any threshold shifts observed will represent permanent shifts in hearing. This 
type o f audiometric monitoring will serve only to document the development of perma
nent hearing loss, not to prevent i t

Some reports have indicated that industrial audiometry is too variable to be useful in de
tecting initial threshold shifts [Hetu 1979; Atherley and Johnston 1981]. Certainly, if 
testing procedures are too inconsistent, temporary or permanent threshold shifts may not 
be distinguishable from measurement variability. The challenge is to select a criterion 
for significant threshold shift that is stringent enough to detect incipient hearing loss, yet 
not so stringent as to identify large numbers o f workers whose thresholds are simply 
showing normal variability. This challenge is compounded by the fact that the incipient 
permanent threshold shift may manifest itself with the same order o f magnitude as typi
cal audiometric measurement variability—about a 10-dB change in hearing thresholds. 
However, die daily temporary threshold shift is often larger in magnitude than the devel
oping permanent threshold shift So testing workers near the end o f their work shifts 
(when temporary threshold shifts may be present) should increase die probability of 
identifying workers who are not adequately protected from noise.

In 1972, a significant threshold shift criterion was initially recommended by NIOSH 
[NIOSH 1972]. In 1992 and 1996, Royster [1992,1996] examined the performance of 
this criterion against seven other criteria for significant threshold shift The following 
threshold shift criteria were evaluated;

1. OSHA STS: in either ear, a change of 10 dB or more in the average of hearing 
thresholds at 2000,3000, and 4000 Hz.

2. OSHA STS TWICE: in either ear, a change o f 10 dB or more in the average of hear
ing thresholds at 2000,3000, and4000 Hz is present on one annual audiogram and is 
persistent in the same ear on the next audiogram.

3. American Academy of Otolaryngology—Head and Neck Surgery (AAO-HNS) 
SHIFT: in either ear, a change of 10 dB or more in the average of hearing thresholds 
at 500,1000, and 2000 Hz, or 15 dB or more at 3000,4000, and 6000 Hz.

4. 1972NIOSH SHIFT: in either ear, a change of 10 dB or more at 500,1000,2000, or 
3000 Hz, or 15 dB or more at 4000 or 6000 Hz.

5. 15-dB SHIFT: in either ear, a change of 15 dB or more at any test frequency from 
500 through 6000 Hz.
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6. 15-dB TWICE: in either ear, a change of 15 dB or more at any test frequency from 
500 through 6000 Hz is present on one annual audiogram and is persistent at the 
same frequency in the same ear on the next audiogram.

7. 15-dB TWICE 1-4 kHz; in either ear, a change o f 15 dB or more at any test fre
quency from 1000 through 4000 Hz is present on one annual audiogram and is per
sistent at the same frequency in the same ear on the next audiogram.

8. 10-dB AVG 3-4 kHz: in either ear, a change of 10 dB or more in the average ofhear- 
ing thresholds at 3000 and 4000 Hz.

The study methodology, database characteristics, and results are described in detail in 
the Royster [1992,1996] reports. This study compared each o f the above eight criteria 
for threshold shifts by applying each criterion to 15 different industrial hearing conser
vation databases that were contributed to the ANSI S12 Walking Group 12.

Within each database, analyses were restricted to the first eight audiograms for male 
workers who had at least eight tests. The numbers of workers included from each data
base ranged from 39 to 1,056. Data were analyzed for a total o f2,903 workers. For the 
purposes o f these analyses, a “tag” was identified when a worker’s audiogram (or two 
consecutive audiograms for the TWICE criteria) met a specified criterion, and a “true 
positive” was identified when the worker’s audiogram showed die same threshold shift 
specified in that criterion.

A significant threshold shift for a worker, according to the four nonaveraging, any- 
frequency-shift criteria (1972NIOSH SHIFT, 15-dB SHIFT, 15-dB TWICE, and 15-dB 
TWICE 1-4 kHz), was considered a true positive if  the shift was confirmed by the suc
ceeding audiogram—but only if  the shift was persistent for at least one of die same fre
quencies in die same ear. For example, if  a worker's Test 3 showed a 1972 NIOSH 
SHIFT at 2000,4000, and 6000 Hz in the left ear, then the shift would be confirmed as a 
true positive if  Test 4 showed die shift to be persistent in the same ear at one or more of 
die same frequencies. For three o f die frequency-average criteria (OSHA STS, 
AAO-HNS SHIFT, and 10-dB AVG 3-4 kHz), a shift was considered a true positive if 
the worker’s next audiogram showed a change by that same criterion, whether or not the 
confirming shift occurred in the same ear and/or the same frequency range (applicable to 
AAO-HNS). In other words, die original shift could be counted as confirmed not only by 
a persistent shift in die same ear at the same frequency average but also by a new shift in 
the other ear at any frequency average. For die OSHA STS TWICE criterion, a true posi
tive was confirmed only by a persistent shift in the same ear on the next audiogram.

The data for classifying true positives from all 15 databases are presented in Table 5-1. 
The 15-dB TWICE and the 15-dB TWICE 1-4 kHz criteria yielded die two highest per
centages o f true positive tags—70.9% and 733%, respectively. The OSHA STS TWICE 
criterion yielded 57.0% true positive tags; the remaining criteria yielded between 40.4% 
and 46.1% true positive tags.
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Table 5-1 . Classifiable first tags* across 15 databases* and first tags 
classified as true positive for each of the 8-shift criteria*

Criterion

Number of 
rlradfiahlr
first tags

First tags classified 9S true positive

Number %

OSHA STS 958 412 43.0
OSHA STS TWICE 356 203 57.0

AAO-HNS SHIFT 1,291 578 44.8
1972 NIOSH SHIFT 2^68 1,045 46.1

15-dB SHIFT 2,126 858 40.4

15-dB TWICE 1,056 749 70.9

15-dB TWICE 1-4 kHz 726 532 73.3

10-dB AVG. 3-4 kHz 1,175 524 44.6

"Those oocunog m comparisons of Tertx 2 through 7 back to Test 1.
♦»=2,903.
‘Adapted finn  Royster [1992,1996].

No criterion evaluated is best in every respect The relative merits o f each are tabu
lated in Table 5-2. An acceptable criterion should be able to identify promptly a 
worker with any measurable threshold shift at the most noise-sensitive audiometric 
frequencies and should tag a reasonably high number of true positives. Relative to 
the any-frequency criteria, those criteria that average thresholds at two or more 
audiometric frequencies (i.e., OSHA STS, OSHA STS TWICE, AAO-HNS SHIFT, 
and 10-dB AVG 3-4 kHz) yield lower numbers o f tags with lower percentages o f 
true positives.

For this analysis, die 15-dB TWICE and die 15-dB TWICE 1-4 kHz criteria require that 
a threshold shift persist on two tests before the worker is identified or “tagged** for 
meeting the criterion of significant threshold shift; these two criteria result in the two 
highest percentages o f true positives. The 1972 NIOSH SHIFT, which shares with 
15-dB TWICE the advantage of not requiring any frequency averaging, uses such a 
small amount o f shift (only 10 dB) at 500 to 3000 Hz that it tags many audiograms that 
reflect normal testing variability. Thus the 1972 NIOSH SHIFT tags so many workers 
that it loses its usefulness as a problem identifier. This disadvantage can be partially 
overcome by increasing the amount o f required shift to 15 dB (the 15-dB SHIFT); 
however, too many workers are still tagged by the 15-dB SHIFT to allow any mean
ingful followup.

The 15-dB TWICE 1-4 kHz criterion differs from die 15-dB TWICE criterion by ex
cluding shifts at 500 and 6000 Hz. Hearing at die 500-Hz audiometric frequency is
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Table 5-2. Advantages and disadvantages of each criterion for significant threshold shift*

Criteria

Considerations
OSHA

STS
OSHA STS 

TWICE
AAO-HNS

SHIFT

1972
NIOSH
SHIFT

15-dB
SHIFT

15-dB
TWICE

15-dB 
TWICE 
1-4 kHz

10-dB 
AVG. 3-4 kHz

Advantages

Tags a moderate % of workers X X X
Gives high % of true positive 

tags X X

Tags workers earliest X

No calculation of frequency 
averages required X X X X

Averages noise-susceptible 
frequencies separately or 
examines each frequency 
separately X X X X X X

Includes all noise-susceptible 
frequencies X X X X

Disadvantages

Tags a low % of workers X X X
Tags such a high % of workers 

that followup would be 
impractical X X

Tags workers early in fewer 
cases X X X

'Adapted from Royaler (1992,1996], (Continued)



Table 5-2 (Continued). Advantages and disadvantages of each criterion for significant threshold shift

Criteria

Considerations

1972
OSHA OSHA STS AAO-HNS NIOSH 15-dB 15-dB

STS TWICE SHIFT SHIFT SHIFT TWICE

15-dB 
TWICE 
1-4 kHz

10-dB 
AVG. 3-4 kHz

Disadvantages

Requires calculations of 
frequency averages X X X X

Averages low frequencies that 
are unlikely to be affected by
noise exposure X

Averages together frequencies 
that vary in susceptibility to
noise X X

Uses a shift magnitude within 
the range of normal
audiometric variability X
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unKkely to be affected by NIHL, but it may be useful as an indicator o f excess ambient 
noise in the audiometric test booth and as an indicator o f the presence of medical ear 
conditions such as conductive ear pathologies. The 6000-Hz audiometric frequency is 
one o f the three high frequencies (3000,4000, and 6000 Hz) at which hearing is most 
likely to be affected soonest and to die greatest degree by NIHL. This audiometric fre
quency is more susceptible than others to measurement variability if  there is inconsis
tent earphone placement

Excluding the 500- and 6000-Hz frequencies in die 15-dB TWICE 1-4 kHz criterion re
duces the number o f tags to less than that for ordinary OSHA STS; also, it does not in
crease die percentage o f true positive tags by any practically important amount (2.4%). 
This indicates that the shifts at 500 Hz and 6000 Hz that meet the 15-dB TWICE crite
rion are reliable shifts, not spurious ones. Inclusion of the 6000-Hz frequency is desir
able from the standpoint o f identifying early NIHL. Therefore, die 15-dB TWICE 
criterion is preferable to the 15-dB TWICE 1-4 kHz criterion because it identifies a 
higher number of workers and provides a warning of noise-induced shifts at 6000 Hz, a 
noise-susceptible test frequency.

The ideal significant threshold shift criterion should tag workers with temporary thresh
old shifts before they develop into permanent hearing impairmen t On the basis o f the 
data analyses presented by Royster [1992,1996], NIOSH now recommends a modified 
15-dB TWICE, 500-6000 Hz criterion. NIOSH recommends an immediate retest after 
reinstruction and repositioning of the earphones if  a 15-dB change in threshold is noted 
at any frequency. Rink [1989] observed the value of two back-to-back tests and reported 
that performing an immediate retest reduced the proportion o f workers meeting the 
OSHA STS criterion by more than 70%. Thus, if  a monitoring audiogram indicates a 
15-dB shift or more in either ear at any one of the test frequencies (500,1000,2000,
3000,4000, or 6000 Hz), the worker should be reinstmcted, the earphones refitted, and 
the retest administered. Ifthe retest shows the same results (i.e~, a 15-dB shift or more in 
die same ear and at the same frequency), die 15-dB TWICE criterion for a significant 
threshold shift has been met, and the worker should be rescheduled for a confirmation 
test within 30 days. The confirmation audiogram shall be preceded by a 12-hr period 
with no exposure to workplace or other loud noises. Hearing protectors shall not be sub
stituted in lieu of the required quiet period.

If  the immediate retest is not performed, NIOSH recommends that the significant 
threshold shift be confirmed by a followup test within 30 days of the testing that showed 
the significant threshold shift This followup test is called the confirmation test and is 
preceded by a 12-hr quiet period. If  the significant threshold shift is confirmed and later 
validated by an audiologist or physician, the confirmation audiogram should be the one 
with which all subsequent audiograms are compared.

To comply with this recommendation and to provide maximum protection for workers 
and maximum documentation for employers, NIOSH advocates that audiograms be per
formed on the following occasions:
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1. Before employment or before initial assignment into a hearing hazard work area.

2. Annually for any worker whose noise exposure equals or exceeds 85 dB A as an 8-hr 
TWA (monitoring audiometry). Annual testing may lead to a number of retests if  a 
significant threshold shill occurs. In addition, it may be a good practice to provide 
audiometry twice per year to workers exposed to more than 100 dBA, because die 
most susceptible 10% of a population exposed to daily average noise levels of 
100 dBA with inadequate hearing protectors could develop significant hearing loss 
well before the end of 1 year [NIOSH 1996].

3. At the time o f reassignment from a job involving hearing hazards.

4. At die termination of employment

5.5.1.1 Baseline Audiogram

The baseline audiogram should be obtained within 30 days of enrollment in die HLPP 
[NIOSH 1972]. It shall be preceded by a minimum of 12 hr of unprotected quiet Data 
have supported die concept that following a period of noise exposure, die worker should 
be provided at least as much time for recovery from temporary threshold shifts as the du
ration of the noise exposure [Johnson et al. 1976]. Use of hearing protectors should not 
be considered a substitute for an actual 12-hr quiet period. Use of a mobile testing serv
ice should not waive these requirements. It is unacceptable to wait up to a year, as per
mitted by OSHA [29 CFR 1910.95], for a mobile service to conduct a baseline 
audiogram, because permanent hearing loss can occur within relatively short periods 
(months or even days in susceptible workers), especially when high levels o f noise are 
involved [ISO 1990]. If a mobile service cannot meet these time constraints, other ar
rangements should be made to obtain the baseline audiograms before or promptly after 
employment

5.5.1.2 Monitoring Audiograms

Monitoring audiometry shall be conducted no less than annually. Unlike baseline audio
metry, these annual tests should be scheduled at the end of, or well into, (he work shift so 
that temporary changes in hearing due to insufficient noise controls or inadequate use of 
hearing protection will be noted. The results should be compared immediately with the 
baseline audiogram to check for any change in hearing sensitivity. The collection of au
diograms for later batch comparison with baseline audiograms in another location is an 
unacceptable practice because it does not afford the opportunity to conduct retests or to 
discuss the findings with workers in a timely manner.

5.5.1.3 Retest Audiograms

As good practice, NIOSH suggests that audiometry be repeated immediately after any 
monitoring audiogram that indicates a threshold shift o f 15 dB or more at 500, 1000,
2000,3000,4000, or 6000 Hz in either ear. The worker should be reinstructed and the 
headphones refitted before conducting die retest Those who employ die retest strategy
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will find a significant reduction in the number o f workers called back for a confirmation 
audiogram. The reason is that if  the retest audiogram does not show the same shift as the 
monitoring audiogram, the retest audiogram becomes the test o f record and there is no 
need to call the worker back for a confirmation audiogram.

5*5.1.4 Confirmation Audiograms

Audiometry should be conducted again within 30 days of any monitoring or retest au
diogram that continues to show a significant threshold shift A minimum of 12 hr of 
quiet shall precede the confirmation audiogram to determine whether the shift is a tem
porary or permanent change in hearing sensitivity (Le., a temporary or permanent 
threshold shift). The use ofhearing protectors as a substitute for a quiet environment is 
not acceptable. Confirmation audiograms indicating persistent threshold shifts shall 
trigger written notification to the worker and a referral to the audiometric manager for 
review and determination o f probable etiology. This review should explore all possible 
causes in addition to occupational noise, including age-related hearing loss, fam ilial 
hearing loss, medical history, nonoccupadonal noise exposure, etc. [Franks et al. 1989; 
Stepkin 1993]. Workers showing a threshold shift with a cause other than noise should 
be counseled by the audiometric manager and referred to their physicians for evaluation 
and treatment Workers should also be referred if  they meet any of the otologic or medi
cal criteria recommended by AAO-HNS [1983]. Appropriate action should be triggered 
for workers showing a threshold shift that is determined by the audiometric manager to 
have occupational noise exposure as the probable cause. Actions shall, at a minimum, 
include reinstruction and refitting ofhearing protectors, additional training in worker re
sponsibilities for effective hearing loss prevention, and/or reassignment to quieter work 
areas. The audiometric manager should be responsible for making whatever recommen
dations he or she deems necessary and for seeing that they are carried out

5.5.1.5 Exit Audiogram

Audiometry should be conducted when a worker leaves employment or is permanentiy 
rotated out o f an occupational noise exposure at or above 85 dBA as an 8-hr TWA. This 
exit audiogram, like the baseline, should be performed after a minimum of 12 hr of 
quiet The use ofhearing protectors as a substitute for quiet is not acceptable.

NIOSH suggests that hearing tests be offered as a health benefit to workers who are not 
exposed to hazardous noise levels. The tests in these workers can be conducted early in 
the day^when it is not recommended that noise-exposed employees be tested for 
changes in hearing thresholds. In addition to providing a valuable internal control group 
for comparison to the noise-exposed workers, this policy elevates the perceived impor
tance of the HLPP for management and workers [NIOSH 1996].

5.5.2 Audiometers

Audiometers shall, at a minimum, conform to the specifications of the appropriate ANSI 
standard for Type 4 audiometers [ANSI 1996b], with the additional stipulation that they
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have the capacity for testing at 8000 Hz. Type 5 audiometers, which only test to 70 dB 
HTL, are unacceptable for threshold testing within an occupational HLPP.

Audiometers must be kept in calibration for the audiograms to have any value. An 
audiometer shall receive a functional check (sometimes called a biologic check) each 
day the instrument is used [Morrill 1986; NIOSH1996]. This type o f calibration check 
involves obtaining an audiogram from a person with known, stable thresholds and 
verifying that no changes in HTL exceeding 10 dB have occurred. A bioacoustic simu
lator check may be substituted for this procedure. In addition, the audiometer attenua
tor and frequency selection dials should be cycled through while carefully listening for 
any extraneous noise or distortion that might interfere with testing. The earphone cords 
should be manipulated to check for any unwanted static or noise. A check for unwanted 
sounds, such as the presence of the test signal in the nontest earphone, should be made in 
accordance with section 5.4.2 of ANSI S3.6-1996 American National Standard Specifi
cation for Audiometers [ANSI 1996b].

An acoustic calibration check shall be performed whenever the functional check indi
cates a threshold difference exceeding 10 dB in either earphone at any frequency. An 
acoustic calibration includes checks of output levels, attenuator linearity, and fre
quency. If  the sound pressure levels differ by more than the allowable variances speci
fied by ANSI S3.6-19% [ANSI 1996b] (or its successor), or if  the attenuator linearity 
differs by more than 1 dB, or if  frequency drift exceeds 3%, an exhaustive calibration is 
necessary [Morrill 1986].

An exhaustive calibration check should be conducted annually or whenever an acoustic 
calibration indicates the need for such. An exhaustive calibration includes adjusting the 
audiometer so that it is in compliance with all specifications of ANSI S3.6-1996 [ANSI 
1996b] (or its successor) and must be done by an audiometer service technician. It is best 
to have exhaustive calibrations performed onsite. If the audiometer must be shipped out 
for this service, an acoustic calibration shall be conducted upon its return to ensure that 
calibration changes did not occur during shipping [Morrill 1986].

The audiometric test area shall conform to the ambient noise requirements of ANSI 
S3.1-1991 [ANSI 1991b]. For permanent, onsite test areas, ambient noise levels shall 
be checked at least annually. For mobile test areas, ambient noise levels should be 
checked daily or at each new site, whichever is more frequent Ambient noise levels 
should be checked with a calibrated sound level meter placed in the test environment at 
the approximate position that the worker's head will occupy during the test procedure. 
Some bioacoustic simulators have the capability of measuring ambient noise levels; this 
is acceptable provided that the unit is placed near the area o f the worker’s head. All 
audiometric test equipment as well as lights, heaters, air conditioners, etc. shall be set as 
they would be during actual testing. The ambient noise levels shall also be measured 
during audiometric testing; they should be recorded in a log through which they can be 
traced for each audiogram obtained.

51



Noise Exposure

5*6 Use of Hearing Protectors (Component 5)

NIOSH [1996] defines a hearing protector as “anything that can be worn to reduce the 
level of sound entering die ear.” Hearing protectors are discussed more fully in Chap
ter 6; however, a few brief points should be made here. Hearing protectors are subject to 
many problems and should be considered the last resort against hazardous noise. Berger
[1980] identified several reasons why hearing protectors can fail to provide adequate 
protection in real-world situations: discomfort, incorrect use with other safety equip
ment, dislodging, deterioration, and abuse. In addition, hearing protectors generally pro
vide greatest protection from high frequency noise and significantly less protection 
from low-frequency noise [Berger 1986]. Nevertheless, hearing protectors can work as 
a short-term solution to prevent NIHL if their use is carefully planned, evaluated, and 
supervised [Beiger 1986; Royster and Royster 1990; NIOSH 1996; Franks and Berger, 
in press].

5.7 Education and Motivation (Component 6)

On November 21,1983, OSHA promulgated an occupational safety and health standard 
entitled “Hazard Communication” [29 CFR 1910.1200]. Under the provisions o f this 
standard, employers in the manufacturing sector must establish a comprehensive hazard 
communication program that includes, at a minimum, container labeling, material 
safety data sheets, and a worker training program. The hazard communication program 
is to be written and made available to workers and their designated representatives. Al
though the Hazard Communication standard does not specifically address occupational 
noise exposure, the intent o f the standard to inform workers ofhealth hazards should ap
ply. Annual training shall be provided to employees exposed to noise levels at or above 
85 dBA as an 8-hr TWA. Workers must be informed of the possible consequences o f 
noise exposure and of the various control methods available to protect their hearing. 
When an HLPP is implemented, workers should be informed of the provisions o f die 
program and the benefits o f their full participation in the program.

The success o f an HLPP depends largely on effective worker education regarding all as
pects of the program. In his review o f the hearing conservation literature, Berger [1981] 
suggests several keys to a successful program: support from management, enforcement 
o f safety policies, education and motivation of the workers, and comfortable and effec
tive hearing protectors. All o f these issues depend to some degree on a well-constructed, 
thorough program o f educating and training everyone who is involved in the HLPP.

Obviously, the primary focus o f die training component o f the HLPP is on the workers. 
Workers need to be informed about the reasons for and die requirements o f the HLPP at 
the time that they are enrolled. The education process should be ongoing and highlighted 
by periodic programs focusing on one or more particular aspects o f the program. Fur
thermore, to be optimally effective, education should be tailored to the specific exposure 
and prevention needs o f each worker or group of workers. Education and training will 
be easily dismissed unless it can be related to each worker’s day-to-day functions
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[Berger 1981]. Worker education should cover all relevant aspects o f the hearing con
servation program. At a minimum, the following topics should be included [AOMA 
1987; Royster and Royster 1990; NIOSH 1996]:

1. Requirements ofand rationale for the occupational noise standard.

2. Effects o f noise on hearing. This should cover both the audiometrìe effects (i.e., how 
noise effects show up on an audiogram) and the functional effects (i.e., the impact of 
NIHL on everyday life).

3. Company policy for the elimination o f noise as a hazard, including noise controls al
ready implemented or plannedfor thefuture. This topic is very important and helps 
ensure that workers do not accidentally interfere with control measures.

4. Hazardous noise sources at the worksite. The discussion should include monitoring 
procedures, noise maps o f the work environment, and use o f warning signs as they 
apply at the site for the workers receiving training.

5. Training in the use o f hearing protectors. This training should include (a) the pur
pose of hearing protectors, (b) die types o f protectors available and the advantages 
and disadvantages of each, (c) selection, fitting, use, and care of hearing protectors, 
and (d) methods for solving common problems associated with hearing protector 
use. This training must include supervised, hands-on practice in the proper fitting o f 
hearing protectors.

6. Audiometry. Instruction should include a discussion of the role o f audiometry in pre
venting hearing loss, a description of the actual test procedure, and interpretation 
and implications o f test results. It should be stressed that temporary or permanent 
threshold shifts indicate failure o f the HLPP. Workers and managers need to know 
that threshold shifts may often be traced to inadequate protection resulting from in
effective noise controls and inconsistent use of hearing protectors.

7. Individual responsibilities for preventing hearing loss. A discussion of common 
nonoccupational noise sources and suggested ways o f controlling these exposures 
will further increase the effectiveness o f an occupational HLPP [Royster and Roys
ter 1990]. In addition, behavioral research has suggested that it is important to en
courage workers’ feelings of self-efficacy, control, and personal responsibility for 
safety and health behavior [Schwarzer 1992].

Despite the emphasis on employee training, management also needs to be educated 
about the need for and elements o f the HLPP. Strong management support is critical to 
an effective HLPP [AOMA 1987]. This support must be more than just implicit ap
proval o f company hearing loss prevention policies. It must be an outward, active show
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of approval and compliance with die established policies. This support must be clearly 
evident to lower management, foremen, and workers. Management needs to know the 
basics o f the legal and professional requirements for effective hearing loss prevention as 
well as the administrative requirements for compliance and the liability consequences of 
noncompliance. Motivation of upper management may be heightened by emphasizing 
the possible financial benefits o f an effective HLPP on workers’ compensation costs, 
improved productivity, and worker retention [Royster and Royster 1990].

In addition to the workers and managers, members of the hearing loss prevention team 
must be educated about company policy for the program and their role in i t  They must 
receive appropriate training to enable them to fulfill their duties successfully. This train
ing is especially important for those who will be responsible for fitting hearing protec
tors and training workers in their proper use [Royster and Royster 1990]. If a hierarchy 
of responsibility exists within the program’s team, each member should know his or 
her place in i t  Consultants, including physicians or audiologists who conduct fol- 
lowup examinations, should also be well informed about the company’s hearing loss 
prevention policies to help prevent recommendations or decisions that might conflict 
with established company policy [Royster and Royster 1986].

Choice of educational and motivational strategies is critical to the success o f the training 
phase of the HLPP. The techniques used and the content selected for presentation must 
be tailored to the particular needs o f the audience [Royster and Royster 1990].

For all groups involved, an effective training program requires both episodic and ongo
ing educational opportunities. The most useful opportunity for episodic training o f the 
workers occurs at the time o f each worker’s annual monitoring audiogram. During this 
time, the worker is most interested in his or her hearing status, and recommendations 
will have the most relevance. Time should be taken immediately after testing to explain 
the results o f the hearing test, its relationship to the worker’s baseline audiogram, and its 
implications for the adequacy o f the worker’s hearing protector use. Stable hearing 
should be praised to reinforce the worker’s proper use o f noise controls and hearing pro
tectors, and hearing shifts should result in a sincere warning about the need for more 
consistent use o f appropriate hearing protectors. The worker must be given the opportu
nity to ask questions about his or her role in the HLPP and should be encouraged to dis
cuss hearing protector difficulties, etc. [Royster and Royster 1986].

Other opportunities for episodic training also exist Special training sessions or regu
larly planned safety meetings should address company policies, results ofbiennial noise 
exposure monitoring, overviews o f the effect o f noise on hearing, and related topics. 
These training sessions should not be limited to showing a film but should be personally 
presented by an educator who is knowledgeable about hearing conservation and has an 
interesting presentation style. Group size should be small enough to permit interaction 
with the speaker and among the workers. Content should be varied and continually up
dated [Royster and Royster 1986; NIOSH1996].
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In addition to these episodic training sessions, an ongoing educational process should be 
offered. HLPP personnel, especially die program implementor, should visit the work
ers’ jobsites to see how they are doing. They should talk to workers about the program 
when they meet them in the halls, at hmch, etc. Posters, bulletin boards, informational 
pamphlets, etc., can be used as a constant reminder of the importance that the company 
places on hearing conservation. Contests or awards for effective hearing conservation 
practices can be used to promote safe behavior [Royster and Royster 1986,1990]; how
ever, incentive programs should be planned and implemented with full worker partici
pation or they may be perceived by the workers as manipulative attempts by 
management to control worker behavior [Merry 1995].

5.8 Recordkeeping (Component 7)

Recordkeeping involves creating and maintaining documents on each aspect o f the 
HLPP. This documentation is more than just an exercise in paperwork or computer data 
entry. Recordkeeping provides the only compelling evidence that the HLPP compo
nents were properly, consistently, and thoroughly conducted. Program records are often 
needed many years after they are collected If it cannot be established that they are valid, 
the records are useless. Clearly, documentation needs to be viewed as one o f the most 
critical aspects o f an HLPP [Gasaway 1985].

HLPP records are medical records and should be treated with the same degree of integ
rity and confidentiality. The recordkeeping system should be compatible with the com
pany’s general safety and health record system. The company should keep copies o f all 
records, even if  a contractor collects the data [NIOSH1996]. In addition, each worker’s 
noise exposure records, audiometric records, hearing protection records, and training 
participation records should be cross-referenced so that information about one program 
component can be readily linked with information about all other program components 
for that worker. Such cross-referencing is critical to building a total hearing history and 
establishing the probable cause of any hearing loss should a claim ever be filed [Gasa
way 1985; NIOSH 1996].

5.8.1 Noise Exposure Records

Noise exposure records need to include the worker’s name, identification number, job 
code, job description, department, and similar related information such as the current 
noise exposure level, the date of the last exposure assessment, the monitoring method 
used, and the name of the person who did the monitoring [NIOSH 1996]. The employee’s 
record should also include the previous noise exposure history. It is useful to include 
both calculated exposure levels and the raw data from which the calculations were made 
[Royster et al. 1986].

Noise exposure records should be maintained for a minimum of 30 years, the period that 
OSHA requires employers to keep other industrial hygiene records [29 CFR 1910.20]. 
However, it may be prudent to keep noise exposure records even longer. Royster et al.
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[1986] recommend that exposure records be maintained for die length o f employment 
plus 30 years. Employers might also consult their State workers’ compensation agen
cies. Most States have a statute o f limitations for filing a claim  for occupational hearing 
loss; however, some States do not [ASHA 1992]. Prudence dictates a check with State 
regulations to be certain that records are maintained until it is determined that there will 
be no farther use for them [Royster et aL 1986].

5.8.2 Audiometric Records

Audiometric records need to include die worker’s name, identification number, sex, 
date o f birth, and a self-reported worker history. The history should include medical in
formation that may have an impact on hearing status, history o f past occupational or 
military noise exposure, and types o f nonoccupational noise exposure [Hehnkamp et al. 
1984; NIOSH 1996], Occupational exposure to potentially ototoxic chemicals should 
also be recorded [Rybak 1992]. Morrill recommends a brief “high-risk” history, which 
can be readily taken by a technician; this history can then be used as a framework for a 
more detailed history, as necessary, if  the worker is ever referred to an audiologist or 
physician for further evaluation [Morrill 1986]. The more detailed the history, die more 
accurately the audiometric manager will be able to determine die actual cause of any 
threshold shifts.

For each audiometric examination, the test date, time, and hours since the worker’s last 
noise exposure shall be recorded. Audiometric thresholds at all required frequencies 
should be recorded. The audiometer’s make, model, and serial number shall be noted, as 
well as the dates o f the last exhaustive calibration, the last acoustic calibration, the last 
functional check, and the last check of room ambient noise levels. In addition, the iden
tity o f the tester and the tester’s subjective assessment o f test reliability should be re
corded [NIOSH 1996].

Any time a significant threshold shift is documented, the cause determined by the audio
metric manager should be recorded. Also, all followup actions should be documented 
[Gasaway 1985].

Audiometric test results and records of causes o f any confirmed shifts should be main
tained for the duration o f employment plus 30 years, which is the OSHA requirement for 
worker health records [29 CFR 1910.20]. Other supporting records (e.g., calibration rec
ords, ambient noise level checks, etc.) should be maintained for at least 5 years. How
ever, bearing in mind that audiometric records are only as valid as documentation 
indicates, it may be prudent to keep all supporting records for as long as the thresholds 
themselves are maintained [Gasaway 1985].

5.8.3 Hearing Protection Records

Hearing protection records should include the types ofhearing protectors used, includ
ing make, model, and size, as relevant Records should also be maintained to document
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training received by the workers in the proper fitting and use of protectors and the con
sistency of compliance with requirements for wearing hearing protectors [NIOSH 
1996]. Hearing protection records should be maintained for a minimum of 30 years; 
however, each worker’s history o f hearing protector use should be kept with the audio
grams that are maintained for the duration of employment plus 30 years.

5.8.4 Education Records

Education records should include date and type of training provided, who conducted the 
training, and attendance (if training was a group program) [NIOSH 1996]. Each work
er’s education and training records should also be maintained for die duration of em
ployment plus 30 years.

5.8.5 Other Records

Other necessary records might include documentation of periodic audits, exposure as
sessments, plans for engineering and administrative controls, and results of overall pro
gram evaluations [NIOSH 1996]. These records and any other documentation relevant 
to die HLPP should be maintained for a minimum of 30 years.

5.9 Evaluation of Program Effectiveness (Component 8)

The effectiveness o f an HLPP should be evaluated in terms of the hearing losses pre
vented for each worker and the overall rate o f hearing loss in the population of workers. 
This evaluation should occur on a continual basis.

5.9.1 Individual Effectiveness

The effectiveness o f the HLPP in preserving workers’ hearing is best evaluated through 
audiometric monitoring o f each noise-exposed worker. All workers whose time- 
weighted noise exposure meets or exceeds 85 dBA shall receive audiometric testing at 
no cost to the worker at die intervals noted previously under audiometric evaluation. 
Comparison of a current audiogram with the baseline audiogram will permit the audio
metric manager to assess die adequacy of (he program elements for that particular 
worker. Thus each audiogram serves as a marker o f the effectiveness o f the hearing loss 
prevention effort for that individual worker. Any apparent changes in hearing indicate a 
possible failure in the program.

5.9.2 Overall Program Effectiveness

To assess the effectiveness o f die HLPP from an overall programmatic level, it is neces
sary to have an evaluation method that can monitor trends in the population of workers 
enrolled in die program and thus identify program problems before many individual 
threshold shifts occur. This evaluation has two parts. The first part evaluates the internal
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integrity o f die audiometric data. A draft ANSI standard currently details a method for 
such an evaluation—Draft ANSI S12.13-1991, American National Standard Evaluating 
the Effectiveness o f Hearing Conservation Programs [ANSI 1991c]. This standard is 
based on an assumption that year-to-year variability in a population’s hearing thresholds 
reflects die adequacy o f the audiometric monitoring program. High variability in se
quential thresholds indicates inadequate control o f audiometric test procedures, audio- 
metric calibration problems, or poor recordkeeping. Low variability in sequential 
thresholds indicates a well-controlled program producing results that may be relied on 
for accuracy and reliability.

The second part o f die program evaluation involves comparing the rate o f threshold shift 
among noise-exposed workers to dial o f persons not exposed to occupational noise. To 
this end, Melnick [1984] evaluated the efficacy o f several methods. The first was based 
on the O SHA estimation that a noise-exposed population in compliance with the current 
noise regulations would still demonstrate a prevalence of hearing loss (defined as 
thresholds exceeding 25 dB at the frequencies o f500,1000, and 2000 Hz) up to 10% 
greater than a non-noise-exposed population by the time workers reached retirement 
(later OSHA calculations have revised this estimate to be 10% to 15%). This method has 
the obvious disadvantage o f delaying evaluation of the HLPP until a number of workers 
have reached retirement age; by then, however, improvements to the HLPP will be too 
late to prevent their hearing loss.

Another method involves evaluating the effectiveness of the overall program on the ba
sis o f the percentage o f workers showing significant threshold shifts. Ideally, this crite
rion could be based on a control group (ie., non-noise-exposed) within the same 
company. However, this system requires that all workers, whether or not they are noise- 
exposed, receive annual audiometric evaluations. Others who have investigated the pos
sibility o f using the percentage of significant threshold shifts as an evaluation criterion 
have reported that 3% to 6% [Morrill and Sterrett 1981] or 5% significant threshold 
shifts [Franks et al. 1989; Simpson et al. 1994] are reasonable incidence rates that can be 
met by effective programs. Significant threshold shift incidence rates exceeding these 
percentages might then be considered evidence of a deficient program. One disadvan
tage of this technique is that it does not account for the effects o f other variables (e.g., 
age, sex, race, and previous noise exposure history) that might affect the significant 
threshold shift incidence rates if  the noise and nonnoise populations differ substantially. 
Another disadvantage is that this technique does not differentiate possible causes of pro
gram deficiencies. Problems could be as likely to be due to poor audiometry as to exces
sive noise exposure [Melnick 1984; Simpson et al. 1994].

Pell [1972] used an alternative method in evaluating the effectiveness o f the hearing 
conservation program at DuPont This method involves a longitudinal analysis o f the 
rate o f increased hearing loss (10th, 50th, and 90th percentiles) as a function o f age for 
three classes o f worker noise exposure: quiet (<85 dBA), low noise (85-94 dBA), and 
high noise (>94 dBA). Pell [1972] judged his hearing conservation program to be effec
tive by demonstrating that the rate o f hearing loss increase with respect to age did not 
significantly differ among the three noise categories. This system also requires that both
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The U.S. Aimy Center for Health Promotion and Preventive Medicine (formerly the 
U.S. Army Environmental Hygiene Agency) evaluates its HLPPs by rating each ele
ment and subelement o f the program on a five-point scale ranging from maximally com
pliant to noncompliant Total points are added across die subelements to achieve a score 
for that program element; then a total score is computed for the overall program. Well* 
defined criteria exist for scoring die subelements, but the program evaluator is also 
given some flexibility in assigning ratings. Such a system is helpful in that it defines 
strict criteria for every aspect o f the program; these must be met to have a fully success* 
fill program. However, some of the currently used criteria are not perfect, because the 
Coiter has found several highly rated HLPPs to have unacceptably high incidences of 
significant threshold shifts [Byrne and Monk 1993].

In general, NIOSH suggests that the success o f a smaller HLPP be judged by die audio
metric results o f individual workers. If  there is zero tolerance for occupational hearing 
loss and a commitment to discover the cause o f every change in hearing for each person 
in the HLPP, the overall program effectiveness should be assured. When it is not possi
ble to examine each worker’s results to obtain an adequate picture o f die program’s effi
cacy (e.g., if  records are inaccessible), an overall evaluation criterion is necessary. 
Currently, no single method is generally accepted for the overall evaluation of HLPPs. 
Furthermore, no single method stands out as being superior to the rest Although previ
ous studies have recommended an incidence rate o f significant threshold shift o f 5% or 
less as evidence o f an effective HLPP [Morrill and Sterrett 1981; Franks et al. 1989; 
Simpson etaL 1994], NIOSH currently recommends an incidence rate o f 3% or less. The 
3% rate is calculated by using die data from a population not exposed to occupational 
noise in Annex C of ANSI S3.44-1996, American National Standard Determination o f 
Occupational Noise Exposure and Estimation o f Noise-Induced Hearing Impairment 
[ANSI 1996c]. In the future, it may be preferable to use incidence rates based on the data 
from the upcoming National Health and Nutrition Examination Survey (NHANES) IV. 
These data will reflect the hearing of nonoccupational-noise-exposed cohorts that are 
contemporary to the present workforce enrolled in HLPPs. They will allow considera
tion of die effects o f age, sex, race, and previous exposures to occupational and nonoc- 
cupational noises.

5.10 Age Correction

NIOSH does not recommend that age correction be applied to an individual's audio
gram for significant threshold shift calculations. Although many people experience 
some decrease in hearing sensitivity with age, some do no t It is not possible to know 
who will and who will not have an age-related hearing loss. Thus, applying age correc
tions to a person’s hearing thresholds for calculation of significant threshold shift will 
overestimate die expected hearing loss for some and underestimate it for others, because

noise-exposed and nonexposed workers receive annual audiometric evaluations. Also,
because some persons are susceptible to hearing loss at die REL of 85 dBA, it would be
preferable to define the quiet group as those exposed to less than 80 dBA.
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die median bearing loss attributable to presbycusis for a given age group will not be gen- 
eralizable to that experienced by an individual in that age group. The data on age-related 
hearing losses describe only die statistical distributions in populations. Furthermore, the 
age-coirection tables developed in die 1972 criteria document [NIOSH1972] (and sub
sequently included in the 1983 OSHA Hearing Conservation Amendment to the Occu
pational Noise Standard [48 Fed. Reg. 9738 (1983)]) were based on a cross-sectional 
study. Longitudinal data were not available, and die age corrections were estimated by 
calculating trends as a function o f die age o f each member o f the sample. When data 
from a cross-sectional study are used, the inherent assumption is that a subject who was 
20 years old in 1970 can be expected to experience the same age-related hearing loss by 
the year2000 that a 50-year-old subject experienced in 1970. This assumption may not 
be valid because the general health and societal noise exposures o f each generation are 
likely to differ.

The adjustment o f audiometric thresholds for aging has become a common practice in 
woriceis* compensation litigation. In this application, age corrections reduce the amount 
ofhearing loss attributable to noise exposure, with a consequent reduction in the amount 
o f compensation paid to workers for their hearing losses. However common “age cor
recting” is and regardless o f the extent to which it is applied, it is technically inappropri
ate to apply population statistics to an individual. Each age correctionnumber is nothing 
more than a median value from a population distribution. In age-correcting an audio
gram, the underlying assumption is that the individual value is given the 50th percentile, 
when in feet the 10th or 90th percentile may be die correct value. Thus age-correction 
formulas cannot be applied to determine with certainty how much o f an individual’s 
hearing loss is due to age and how much is due to noise exposure.

Age-correcting audiograms obtained as part o f an occupational HLPP are even less ap
propriate. This is not a compensation issue. The purpose o f die program is to prevent 
hearing loss. If  an audiogram is age corrected, regardless o f die source of the correction 
values, the time required for a significant threshold shift to be noted will be prolonged. 
Delaying the identification o f a worker with a significant threshold shift is completely 
contrary to the purpose o f an HLPP.
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A personal hearing protection device (or hearing protector) is any device designed to re
duce the level o f sound reaching the eardrum. Earmufife, earplugs, and ear canal caps 
(also called semi-inserts) are the mam types ofhearing protectors. A wide range ofhear- 
ing protectors exists within each of these categories. For example, earplugs maybe sub
categorized into foam, user-formable (such as silicon or spun mineral fiber), premolded, 
and custom-molded earplugs. In addition, some types of helmets (in particular, flight 
helmets worn in the military) also function as hearing protectors. Refer to Nixon and 
Berger [1991] for a detailed discussion of the uses, advantages, and disadvantages o f 
each type o f protector. Items not specifically designed to serve as hearing protectors 
(e.g., cigarette filters, cotton, and .38-caliber shells) should not be used in place ofhear
ing protectors. Likewise, devices such as hearing aid earmolds, swim molds, and per
sonal stereo earphones must never be considered as being hearing protective.

Ideally, die most effective way to prevent NIHL is to remove the hazardous noise from 
the workplace or to remove the worker from the hazardous noise. Hearing protectors 
should be used when engineering controls and work practices are not feasible for reduc
ing noise exposures to safe levels. In some cases, hearing protectors are an interim solu
tion to noise exposure. In other instances, hearing protectors may be the only feasible 
means o f protecting the worker. When a worker’s time-weighted noise exposure ex
ceeds 100 dBA, both earplugs and earmufis should be worn. It is important to note that 
using such double protection will add only 5 to 10 dB of attenuation [Nixon and Berger 
1991]. Given the real-world performance of hearing protectors [Berger et al. 1996], 
NIOSH cautions that even double protection is inadequate when TWA exposures ex
ceed 105 dBA.

How much attenuation a hearing protector provides depends on its characteristics and 
how the worker wears i t  The selected hearing protector must be capable o f keeping the 
noise exposure at the ear below 85 dBA. Because a worker may not know how long a 
given noise exposure will last or what additional noise exposure he or she may incur 
later in the day, it may be prudent to wear hearing protectors whenever working in haz
ardous noise. Workers and supervisors should periodically ensure that the hearing pro
tectors are worn correctly, are fitted properly, and are appropriate for the noise in which 
they are worn [Helmkamp et aL 1984; Gasaway 1985; Berger 1986; Royster and Roys
ter 1990; NIOSH 1996].

Historically, emphasis has been placed on a hearing protector’s attenuation characteris
tics—almost to the exclusion o f other qualities necessary for it to be effective. Although 
those who select hearing protectors should consider the noise in which they will be

CHAPTER 6
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worn, they must also consider the workers who will be wearing them, the need for com
patibility with other safety equipment, and workplace conditions such as temperature, 
humidity, and atmospheric pressure [Gasaway 1985; Berger 1986]. In addition, a vari
ety of styles should be provided so that workers may select a hearing protector on the ba
sis o f comfort, ease of use and handling, and impact on communication [NIOSH 1996; 
Royster and Royster 1990]. Each worker should receive individual training in die selec
tion, fitting, use, repair, and replacement o f the hearing protector [Gasaway 1985; Roys
ter and Royster 1990; NIOSH 1996]. What is die best hearing protector for some 
workers may not be the best for others [Casali and Park 1990]. The most common ex
cuses reported by workers for not wearing hearing protectors include discomfort, inter
ference with hearing speech and warning signals, and die belief that workers have no 
control over an inevitable process that culminates in hearing loss [Berger 1980; Helm- 
kamp 1986; Lusk et al. 1993]. Fortunately, none of these reasons present insurmount
able barriers. Given adequate education and training, each can be successfully addressed 
[Lusk et aL 1995; Merry 1996; Stephenson 1996].

Workers and management must recognize the crucial importance o f wearing hearing 
protectors conecdy. Intermittent wear will dramatically reduce their effective protec
tion [NIOSH 1996]. For example, a hearing protector that could optimally provide 
30 dB of attenuation for an 8-hr exposure would effectively provide only 15 dB if  the 
worker removed the device for a cumulative 30 min during an 8-hr day. The best hearing 
protector is the one that the worker will wear.

Several methods exist for estimating the amount o f sound attenuation a hearing protec
tor provides. In the United States, the NRR is required by law [40CFR211] to be shown 
on the label o f each hearing protector sold. The NRR was designed to function as a sim
plified descriptor o f the amount o f protection provided by a given device. When its use 
was first proposed, the most typical method used to characterize sound attenuation was 
the real ear attenuation at threshold (REAT) method, as described in ANSI S3.19-1974 
[ANSI 1974]. Sometimes called the octave-band or long method, this method was be
lieved to provide too much information to be useful for labeling purposes; thus a single- 
number descriptor (NRR) was devised.

The formulas used to calculate the NRR are based on the octave-band, experimenter fit, 
REAT method The NRR was intended to be used to calculate the exposure under the 
hearing protector by subtracting the NRR from the C-weighted unprotected noise level. 
It is important to note that when working with A-weighted noise levels, one must sub
tract an additional 7 dB from the labeled NRR to obtain an estimate o f the A-weighted 
noise level under the protector. OSHA has prescribed six methods* with which the NRR 
can be used (See 29 CFR 1910.95, Appendix B, and descriptions o f methods for calcu
lating and using the NRR in The NIOSH Compendium o f Hearing Protection Devices 
[NIOSH 1994].)

*The OSHA methods arc a simplification of NIOSH methods #2 and #3 [NIOSH 1975,1994; Lenpot 
19841
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One problem inherent to using single-number descriptors of sound attenuation is the 
need to ensure that the resulting value does not sacrifice the estimated protection for the 
sake o f simplicity. Thus these calculations will typically underestimate laboratory- 
derived “long methods” for estim ating sound attenuation. To get around some of the 
limitations associated with NRR calculations, other methods have been developed for 
estimating hearing protector performance. The single-number rating method and the 
high-middle-low method may be used when a person needs to estimate performance 
more accurately than possible with the NRR but does not want to resort to octave-band 
descriptions o f sound attenuation. Detailed descriptions of these methods are in The 
NIOSH Compendium o f Hearing Protection Devices [NIOSH 1994].

Both NRR and the other hearing protector ratings referred to above are based on data ob
tained under laboratory conditions in which experimenters fit hearing protectors on 
trained listeners. As such, these ratings may differ markedly from die noise reduction 
that a worker would actually experience in the real world. Specifically, studies have re
peatedly demonstrated that real-world protection is substantially less than noise attenua
tion values derived from experimenter-fit, laboratory-based methods. In the late 1970’s 
and early 1980*s, two NIOSH field studies found that insert-type hearing protectors in 
die field provided less than half die noise attenuation measured in the laboratory [Ed
wards et al. 1979; Lempert and Edwards 1983]. Since the 1970*s, additional studies 
have been conducted on real-world noise attenuation with hearing protectors [Regan 
1975; Padilla 1976; Abel et al. 1978; Edwards et al. 1978; Fleming 1980; Crawford and 
Nozza 1981; Chung et al. 1983; Hachey and Roberts 1983; Royster et al. 1984; Behar 
1985; Mendez et aL 1986; Smoorenburg et al. 1986; Edwards and Green 1987; Pekkari- 
nen 1987; Pfeiffer et al. 1989; Hempstock and Hill 1990; Berger and Kieper 1991; 
Casali and Park 1991 ; Durkt 1993]. In general, these studies involved testing the hearing 
thresholds of occluded and unoccluded ears of subjects who wore the hearing protectors 
for die test in die same manner as on die job. The tests attempted to simulate the actual 
conditions in which hearing protectors are normally used in the workplace. Table 6-1 
compares the NRRs derived from these real-world noise attenuation data with die manu
facturers’ labeled NRRs or laboratory NRRs. The laboratory NRRs consistently overes
timated die real-world NRRs by 140% to 2,000% [Berger et al. 1996]. In general, the 
data show that earmuffs provide die highest real-world noise attenuation values, fol
lowed by foam earplugs; all other insert-type devices provide the least attenuation. From 
these results, it can also be concluded that ideally, workers should be individually fit* 
tested for hearing protectors. Currently, several laboratories are exploring feasible 
methods for this type of fit testing [Michael 1997].

Royster et al. [1996] addressed problems associated with die use of die NRR. These re
searchers demonstrated that relying on die manufacturer’s instructions or the experi
menter to fit hearing protectors may be o f little value in estimating the protection a 
worker obtains under conditions of actual use. The Royster et al. [1996] study reported 
the results of an interlaboratory investigation of methods for assessing hearing protector 
performance. The results demonstrated that using untrained subjects to fit their hearing 
protectors provided much better estimates o f the hearing protector’s noise attenuation in 
the workplace than using die experimenter to fit diem. This method has since been
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adopted for use by ANSI in ANSI S12.6-1997 [ANSI 1997]. Furthermore, the method 
has subsequently been endorsed by the NHCA Task Force on Hearing Protector Effec
tiveness as well as numerous other professional organizations.*

OSHA [1983] has instructed its compliance officers to derate the NRR by 50% in en
forcing the engineering control provision o f die OSHA noise standard. However, 
NIOSH concurs with the professional organizations cited above and recommends using 
subject fit data based on ANSI S12.6-1997 [ANSI 1997] to estimate hearing protector 
noise attenuation. If  subject fit data are not available, NIOSH recommends derating 
hearing protectors by a factor that corresponds to die available real-world data. Specifi
cally, NIOSH recommends that die labeled NRRs be derated as follows:

Earmufls Subtract 25% from die manufacturer’s labeled NRR
Formable earplugs Subtract 50% from die manufacturer’s labeled NRR
All other earplugs Subtract 70% from die manufacturer’s labeled NRR

For example, measure noise exposure levels in dBC or dB A with a sound level meter or 
noise dosimeter.

1. When die noise exposure level in dBC is known, die effective A-weighted noise 
level (ENL) is:

ENL = dBC -  derated NRR

2. When die noise exposure level in dBA is known, the effective A-weighted noise 
level is*

ENL = dBA -  (derated NRR-7 )

To summarize, the best hearing protection for any worker is die removal o f hazardous 
noise from the workplace. Until that happens, die best hearing protector for a worker is 
die one he or she will wear willingly and consistently. The following factors are ex
tremely important determinants ofworker acceptance ofhearing protectors and die like
lihood that workers will wear them consistently:

• Convenience and availability
• Belief that the device can be worn correctly
• Belief that die device will prevent hearing loss
• Belief that the device will not impair a worker's ability to hear important sounds
• Comfort
• Adequate noise reduction
• Ease o f fit
• Compatibility with other personal protective equipment

1Tlie following ocganizatioos have endorsed the use ofthe subject fit procedure according to ANSI S12.6: 
Acoustical Society of America, American Academy o f Aodiology, American Association of Occupa
tional Health Norses, American Industrial Hygiene Association (AIHA), American Society o f Safety 
Engineers, ASHA, CAOHC, and NHCA
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Table 6-1. Summary of real-world NRRs achieved by 84% of the wearers
of hearing protectors In 20 Independent studies*

Type of bearing protector,
model, and reference

Test population Labeled
(number) NRRf NRR84

Weighted
mean

NRR84*
Mean

NRR84

Foam:

E-A-R
Crawford and Nozza [1981] 

Hachey and Roberts [1983] 
Lempert and Edwards [1983] 
Edwards and Green [1987] 

Edwards and Green [1987] 

Lempert and Edwards [1983] 

Abel et aL [1978]

Abel et al. [1978] 
Behar[1985]

Behar [1985]

Pfeiffer et aL [1989]

Casali and Park [1991]
Casali and Park [1991] 

Hempstock and Hill [1990] 

Berger and Kieper [1991] 
Premolded:

Ultra-Fit 

Casali and Park [1991]

Casali and Pìaric [1991] 

Royster et aL [1984]

Berger and Kieper [1991] 

V-51R 

Royster et al. [1984]

Abel et al. [1978]

Edwards et al. [1978] 
Fleming [1980]

Padilla [1976]

58

31

56
28

28

56

55

24
42

24

69
10
10
72

22

10
10

19

29

12

20 
84

9
183

29

29

29
29

29
29

29

29

29

29

29

29

29

29
29

21

21

21
21

23
23
23

23

23

19

9
12

19 

14

5 

9 

9
14

16

10
6 

23 

13

20

4

17

5 

3

3
2

1
6 

-1

12.5 13.2

5.8 13

0.1 22

See footnotes «  end of table. (Continued)
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Table 6-1 (Continued). Summary of real-world NRRs achieved by 84%
of the wearers of bearing protectors in 20 Independent studies*

Type of bearing protector,
model, and reference

Test population
(lumber)

labeled
NRRT NRR84

W eighted 
mean Mean

NRR84* NRR84

Premolded (Continued):
Accu-Fit or Com-Ht 

Fleming [1980]
Abeletal. [1978]

EP100
Crawford and Nozza [1981] 
Edwards et al. [1978]
Abel etaL [1978] 
Smoorenburg el al. [1986] 

NA 
Regan [1975]

Fiberglass:
Down

Lempert and Edwards [1983] 
Edwards et al. [1978]

POP
Lempert and Edwards [1983] 
Behar[1985]
Pfeiffer et al. [1989]
Regan [1975]
Hempstock and Hill [1990] 

Soft
Hachey and Roberts [1983] 
Pfeiffer et al. [1989] 
Hempstock and Hill [1990] 

Custom 
Adcosil:

Hachey and Roberts [1983] 
NA:

Crawford and Nozza [1981] 
Prtcteai/vent:

Lempert and Edwards [1983] 
Peacekeeper:

Lempert and Edwards [1983]

13
18

22

28
45
46

30

28
56

28
28
51
30
39

36
12
32

44

56

56

26
26

26
26
26
26

NA

15
15

22
22

22

22

22

26
26
26

24

NA

11

15

2
7

0
-2
10
-2

4
3

4
10
7 

10
8

1
9
4

4.9

2.1

4.5

15

1.0

33

7.7

1.0

3.5

7.8

3.4 4.7

6.5 5.4

See footnotes tf aid  of table. (Continued)
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Table 6-1 (Continued). Summary of real-world NRRs achieved by 84%
of the wearers of hearing protectors in 20 independent studies*

Type of hearing protector,
model, and reference

Test population Labeled
(number) NRRt NRR84

Weighted
mean

NRR84*
Mean

NRR84

Custom (Continued):
NA:

Abel et al. [1978]
Regan [1975]
Padilla [1976]

Semiaural:
Sound-Ban 

Bchar[1985]
Casali and Parìe [1991] 
Casali and Piark [1991] 

Earmuffs 
Bilsom UF-1 :

Hachey and Roberts [1983] 
Casali and Park [1991] 
Casali and Parìe [1991] 

MSA Mailt IV:
Abel et al. [1978]
Durki [1993]

0ptac4000:
Pfeiffer et al. [1989]

Feltor H9A:
Pfeiffer et al. [1989]

Real Auralguaid Ul: 
Hempstock and Hill [1990] 

Norseg:
Regan [1975]

AO 1720:
Durkt[1993]

Bilsom 2450:
Pfeiffer et al. [1989]

Clark E8Q5:
Abel et al. [1978]

Glendale 900:
Durkt [1993]

Optac 4000S:
Pfeiffer et al. [1989]

48
6

230

32
10

10

31
10
10

47
15

33

34 

42 

30 

11 

11 

17 

10 

10

NA
NA
NA

17
19
19

25
25
25

23
23

NA

22

NA

NA

21

NA

23

21

NA

10
6

12

13 
16 
20

11
4

14

14 

19

8

6

13

15 

10

14

9.6 93

13.8 13.8

See footnotes at end of able. (Continued)

67



Noise Exposure

Table 6-1 (Continued). Summary of real-world NRRs achieved by 84%
of the wearers of hearing protectors in 20 independent studies*

Type of hearing protector, 
model, and reference

Test population 
(number)

Labeled
NRR* NRR84

Weighted
mean

NRR84*
Mean

NRR84

EarmufiFs (Continued): 
Safety 208: 

Abeletal. [1978] 15 22 12
Safety 204: 

Behar [1985] 9 21 22
Welsh 4530: 

Regan [1975] 5 25 20 __ __

Miscellaneous: 

Pekkarinen [1987] 71 NA 13

SafirE/ISF:

Hempstock and Hill [1990] 20 NA 14 _ _

Miscellaneous: 

Chung et al. [1983] 64 24 18

Cap Muffs — — — 143 14.8

Bilsom 2313:

Hempstock and Hill [1990] 37 23 16

Hellberg No Noise: 

Abel ctal. [1978] 58 23 11 _ _

PeltorH7P3E: 

Behar[1985] 36 24 13

A01776K: 

Behar [1985] 26 21 14

Hellberg 26007:

Hempstock and Hill [1990] 20 NA 18

Miscellaneous: 

Chung et al. [1983] 37 23 17 __ __

Ptug+MufT:

E-A-R + UF-1:

Hachey and Robots [1983] 10 __ 25 25.0 25.0

‘Adapted fron Bojct et aL [1996].
* Abbreviations: NRR = noise reduction fating; NRR&4 = NRR achieved by *4% of die wearers of hearing protectors; NA = «X available. 
^Weighted on the basis of the lest population size.
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Research Needs
Considerable progress has been made in our understanding o f occupational hearing loss 
prevention- However, additional research is needed to clarify die risks associated with 
various noise and ototoxic exposures and to reduce die incidence of hearing loss among 
workers. Furthermore, investigations of possible biological indicators o f susceptibility 
to NIHL would be welcome. For example, although tinnitus is a frequent complaint of 
the noise-exposed worker, its relationship to permanent hearing loss is not well under- 
stood. The additional topics listed in the sections below do not include all areas that 
would benefit from further investigations, but they represent persistent problems or 
emerging trends.

7.1 Noise Control
Research is needed to reduce noise exposures through engineering controls in work
places where the noise exposures are still being controlled primarily by hearing protec
tors. An HLPP is complex and difficult to manage effectively, and the need for one can 
be obviated by noise control procedures that reduce noise levels to less than 85 dBA. As 
important as such noise reduction technologies are, it is equally important to apply tra
ditional noise control engineering concepts to the building o f new facilities and equip
m ent Research also is needed to improve the retrofitting o f noise controls to existing 
operations. A database of effective solutions (best practices) should be created and made 
accessible to the public.

7.2 Impulsive Noise
Research is needed to define die hazardous parameters o f impulsive noise and their in
terrelationships. These parameters should include amplitude, duration, rise time, 
number o f impulses, repetition rate, and crest factor. In the absence o f any other op
tion, impulsive noise is integrated with continuous noise to determine the hazard. Labo
ratory research with animals and retrospective studies o f workers indicate that impul
sive noise is more hazardous to hearing than continuous noise o f the same spectrum 
and intensity. However, sufficient data are not available to support the development of 
damage risk criteria for impulsive noises.

7.3 Nonauditory Effects
Research is needed to define dose-response relationships between noise and nonaudi
tory effects such as hypertension and psychological stress. Studies ofhypertension con
ducted on noise-exposed workers have established a relationship between hypertension 
and NIHL but have not established a relationship between noise exposure and
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hypertension. Workplace accidents need to be analyzed to determine whether noise in
terference with oral communication or audio alarms has been a contributing factor. 
Technologies must be developed to allow easy identification o f warning signals and ef
ficient communication in noisy environments while providing effective hearing 
protection.

7.4 Auditory Effects of Ototoxic Chemical Exposures
The ototoxic properties o f industrial chemicals and their interaction with noise have 
been investigated for only a few substances. Research in animals is needed to investigate 
the range o f chemicals known to be ototoxic or neurotoxic and to appraise the risk of 
hearing loss from exposures to these chemicals alone or in combination with noise. Re
search is needed to support damage risk criteria for combined exposure.

7.5 Exposure Monitoring
NIOSH has been a pioneer in developing an exposure monitoring strategy for air con
taminants based on the application o f statistical methods [NIOSH 1977]. However, 
the appropriateness o f the strategy for occupational noise exposure has not been deter
mined, and not much research has been conducted in this area since 1977. Limited 
studies have indicated that a different strategy for monitoring occupational noise ex
posure may be required [Behar and Plenar 1984; Henry 1992]. Worker exposures to 
noise must be accurately monitored and appropriate control measures must be imple
mented when necessary. Several individuals and organizations have proposed differ
ent approaches to monitoring noise exposures [Behar and Plenar 1984; CSA 1986; 
Royster et al. 1986; Hawkins et al. 1991; Henry 1992; Simpson and Beminger 1992; 
Stephenson 1995]. NIOSH acknowledges the contributions o f these individuals and 
organizations to this important subject and encourages continued effort in the devel
opment o f exposure monitoring strategies applicable to occupational noise exposure. 
An important component o f HearSaf 2000 is being codeveloped by NIOSH, the 
United Auto Workers-Ford National Joint Committee on Health and Safety, Hawkwa 
Group, and James, Anderson and Associates: noise monitoring with emphasis on 
noise exposure characterizations based on the principles o f a task-based exposure as
sessment model (T-BEAM). The T-BEAM approach stresses the identification o f all 
hazards (including noise) that may be associated with a particular work task. This ap
proach may be especially suitable for mobile or itinerant workers. Additional research 
is needed to compare these monitoring approaches (including T-BEAM) to determine 
the best technique for a particular type of worker or work environment

7.6 Hearing Protectors
The noise attenuation ofhearing protectors as they are worn in the occupational environ
ment is usually quite different from that realized in the laboratory. The manufacturer’s 
labeled NRRs (which are currently used by OSHA in determining compliance with the 
PEL when engineering controls are being implemented or are not feasible) usually do 
not reflect actual experiences. Thus a pressing need exists for a laboratory method to
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estimate the noise attenuation obtained with hearing protectors worn in the field. Field 
research is now needed to validate the new laboratory subject-fit method with onsite fit- 
testing methods. Research should also lead to die development ofhearing protectors that 
eliminate troublesome barriers by providing increased comfort to wearers as well as im
proved speech intelligibility and audibility o f warning signals. In addition, as new tech
nologies such as active-level dependency and active noise reduction are introduced into 
personal hearing protection, methods must be developed to describe the effectiveness of 
these methods alone and when built into passive hearing protectors.

7.7 Training and Motivation
Research is needed in using behavioral survey tools as resources for developing training 
and education programs that address workers* beliefs, attitudes, and intentions about 
hearing loss prevention. To date, research in training and motivation has focused on ma
terials and their delivery, with die worker considered die passive receptacle. Research is 
needed to develop materials and programs that more fully involve die worker in die pro
cess and give die worker ownership in the HLPP. Additional methods are also needed to 
improve the training and motivation of workers who must depend on hearing protection.

7.8 Program Evaluation
Several methods for evaluating the effectiveness of an HLPP are discussed in Chapter 5. 
No single method is generally accepted as being superior to die rest Further research 
and development o f methods for evaluating die effectiveness of HLPPs are needed, and 
the method deemed to have the best balance between accuracy and ease of use should be 
adopted. All existing methods rely on die results of audiometric testing for evaluating 
effectiveness o f the HLPP. Although audiometric data are crucial for managing an 
HLPP and evaluating die status o f each worker, too much time must pass to build a data
base of audiograms that can support queries about overall program effectiveness. Meth
ods that do not rely on serial audiograms need to be considered for immediate assess
ment o f program effectiveness. Examples o f such methods are observed behaviors that 
predict the success o f a program or questionnaire-type surveys that evaluate workers’ 
beliefs and intents (and correlate with actual behaviors).

7.9 Rehabilitation
Noise and hearing conservation regulations fail to deal with the worker who has devel
oped N1HL. This failure affects policies regarding hearing protector use when speech 
communication is necessary, die use of hearing aids by hearing-impaired workers in 
noisy areas, and die use ofhearing aids with hearing protectors such as earmuffs. Thus 
die worker with acquired NIHL is often managed as a casualty who is no longer in the 
HLPP management system.

Management procedures for workers identified with substantial hearing impairment 
need to be studied. They would include training in listening strategies, speech reading, 
and optimal utilization ofhearing aids. Research also needs to be directed at developing
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bearing instruments designed to help workers continue to function in noise while pro
tecting bearing and enhancing communication.

Rehabilitation communication strategies need to be studied. Currently, if  hearing- 
loss-prevention service providers were to suggest that noise-exposed workers with 
NIHL could benefit from amplification, they would be fired. In such a hostile environ
ment, it is very difficult to define, develop, deliver, and evaluate a rehabilitation 
program.
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This paper describes a new analysis of data from the 1968—72 National Institute for Occupational 
Safety & Health (NIOSH) Occupational Noise and Hearing Survey (ONHS). The population 
consisted of 1172 (792 noise-exposed and 380 “controls’*) predominately white male woders from 
a cross section of industries within the United States. The analysis focused on how risk estimates 
vary according to various model assumptions, including shape of the dose-response curve and the 
amount of noise exposure among low-noise exposed workers (or controls). Logistic regression 
models were used to describe the risk of hearing handicap in relation to age, occupational noise 
exposure, and duration exposed. Excess risk «rimatKs were generated for several definitions of 
hearing handicap. Hearing handicap is usually denoted as an average hearing threshold level (HTL) 
of greater than 25 dB for both eare at selected frequencies. The frequencies included in the biaural 
avenges were (1) (he articulation-weighted avenge over 1-4 kHz, (2) die unweighted average over 
0l5, 1, and 2 kHz, and (3) the unweighted avenge over 1,2, and 3 kHz. Hie results show that excess 
risk «rimates for time-weighted average sound levels below 85 dB were sensitive to statistical 
model fbnn and assumptions regarding the sound level to which the “control”  group was exposed.
The choice of frequencies used in the bearing handicap definition affected the magnitude of excess 
risk estimates, which depended on age and duration of exposure. Although data were limited below 
85 dB, an age-stratified analysis provided evidence of excess risks at levels ranging from 80 to 84 
dB, 85-89 dB, and 90-102 dB. Due to uncertainty in quantifying risks below 85 dB, new data 
collection efforts should focus on better characterization of dose-response and longitudinal hearing 
surveys that include workers exposed to 8-hour time-weighted noise levels below 85 dB. Results are 
compared to excess risk estimates generated using methods given by ANSI S3.44-1996.
[S0001-4966(97)01102-8]

PACS numbers: 43.50.Qp, 43.64.Wn [GAD]

MTRODUCTION

The most common goal for protecting workers from the 
auditory effects of occupational noise has historically been 
the preservation of hearing for speech discrimination. With 
tins protection goal in mind, the National Institute for Occu
pational Safety and Health (NIOSH) defined hearing handi
cap as a biaural average of hearing levels exceeding 25 dB 
at the ancfiometric test frequencies of 1, 2, and 3 kHz and 
05 , 1. and 2 kHz (NIOSH, 1972). Here, the term “bianral 
average”  is used to identify die mean value for the left and 
right ears. Using these definitions, NIOSH (1972) estimated 
die excess risk of hearing handicap as a function of age, 
sound levels and duration of occupational noise exposure. 
Excess risk, also known as percentage risk, is defined as the 
percentage of individuals with hearing handicap among indi
viduals exposed to daily 8^iour occupational noise exposure 
after subtracting die percentage of individuals who would 
typically incur such a handicap doe to aging in an unexposed 
population. For a 40-year lifetime exposure to avenge daily 
(8-hour) noise levels of 80,85, and 90 dB in the workplace, 
NIOSH (1972) estimated the excess risk to be 3%, 15%, and 
29%, respectively for the biaural average over 1, 2, and 3 
kHz. [Unless otherwise noted, “dB”  implies an A-weighted 
8-hour time-weighted average sound level.] Table I com
pares die NIOSH (1972) excess risk estimates for die biaural

avenge over 0.5, 1, and 2 kHz to those developed by other 
organizations at approximately the same time.

Since the publication of the 1972 NIOSH Criteria Docu
ment, statistical methods for analyzing categorical data out
comes have been improved to assess risk of disease (Breslow 
and Day, 1980a). The aim of this paper is to reevaluate the 
models used to generate excess risk estimates from data col
lected for the NIOSH 1968-72 Occupational Noise and 
Hearing Survey (ONHS) (Lempert and Henderson, 1973). 
Using these newer statistical methods, the paper examines 
die relationship between exposure to noise and risk of noise- 
induced hearing handicap (NIHH) and highlights seas of 
uncertainty in estimating risks. These results will be com
pared to the 1972 NIOSH analysis (NIOSH, 1972) and to the 
ANSI S3.44 (ANSI, 1996) standard, which adopted the 
methods developed by die In ternational Standards Organiza
tion (ISO 1971, 1990). The data collected in the NIOSH 
survey are of continuing interest since they were obtained 
before hearing protection devices were widely used in the 
U.S. Observations by NIOSH investigators during sound 
level surveys and management’s impressions of their respec
tive plants did not indicate that participating companies had 
policies requiring hearing protection use. Use of protectors, 
if available at all, were left to the discretion of the workers. 
No mass use of hearing protectors was noted in any of the
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TABLE L Comparison of excess risk estimates by organization.*

Excess risk «primates (%)
Hearing handicap defined as HTLs >  25 dB 

far the avenge of 05. 1.2 kHz

exposure 
level (dB) NIOSH (1972)

ISO 1999 
(1971) EPAh

80 3 0 5
85 15 10 12
90 29 21 22J
95 43 29 not available

“These excess ride estimates are for a 40-year lifetime exposmc to noise. 
hfttw i Federal Register, VoL 39. No. 244. 1974.

companies surveyed (Cohen, personal communications, 
1996).

L RELEVANCE TO COMPARABLE STUDIES OF 
NOtSE-MDUCED HEARING LOSS

Several investigators (Robinson and Sutton, 1975; 
Royster and Thomas, 1979; NCHS, 1965; Robinson, 1970; 
Yexg et al-, 1978) have examined the relationship of noise- 
induced permanent threshold shift (NÏPTS) and occupational

noise exposure. Studies similar to the NIOSH 1968-72 
Noise Survey with respect to time period and methods of 
data collection include Baughn (1973), Passchier-Vermeer 
(1968) and Bums and Robinson (1970). These studies will 
be the main focus of our review of die relevant noise and 
hearing surveys from this period. These studies have been 
used by ISO 1999 (1971) and ANSI S3.44 (ANSI, 1996) to 
estimate the risk of NIHH or NIPTS. Table II presents major 
study characteristics of each of these studies.

As shown in Table D, only die Baughn (1973) study did 
not screen their workers for otologic abnormalities. These 
studies report that their populations were restricted to work
ers with daily constant levels of steady state noise exposure 
for the entire length of employment A review of these stud
ies’ limitations has been addressed by Want and Glorig 
(1975) and Yeig et al. (1975). They include possible con
tamination of non-steady state noise exposure in the popula
tion and small sample sizes for subjects exposed to continu
ous steady state for daily sound levels below 90 dB. The 
Passchier-Vermeer report (1968) reviewed published studies 
and was not specifically designed to address criteria for a 
noise standard. The NIOSH study (Lempert and Henderson, 
1973) was specifically designed to examine risk of noise-

TABLE fl- Overview of aefcefed wise and hearing tfw tra1 : risk of hearing handicap.

Study
ftpulation examined m risk 

analysis
Exposure

characteristics Screening of objects

NIOSH
ONHS
study*

1172 predominately white males 
bom a cross section of 

industries within the U.S.
792 noise-exposed 

390 low noise-exposed

Workers exposed to 
steady state noise 

for op to 41 y e »  of 
exposure to daily 

noise levels from 80-102 dB. 
Workers exposed to impact 

or impulse noise were 
exdoded-

Workers were exchided if they 
had previous noisy jobs,

agnffiranf fiiwim npnany
(military or recreational), 

ear disease or other otologic 
abnormalities, incomplete 
job histories or unknown 

none exposures.

Baughn,
1973

6J835 andiograms on Caucasian 
■ale employees from a 

Midwestern auto parts plant: 
1960-65. Stable work force, 

light turnover Employees drawn 
from surrounding 

farming-industrial community. 
Age range: 18-68 yrc.

Warkers Co 
three 8-hour TWA 

exposure levels: 78» 
86, and 92 dB: 
N=852-78 dB 
N= 5150-86 dB 
N = 833-92 dB 

Age used as uniform 
measure of exposure 

duration.

No Otological screening of 
subjects.

2/3 of available tests were 
excluded due to significant 

known or unknown exposures.

Pandner-
Vermeer,
1968

4557 Caucasian w oken from an 
industrial population in The 

Netherlands:
4096 mtalei 
461 females

Include only workers 
with constant noise 
exposure levels for 
an 8-hovr shift for 
all exposure yean 

considered.

Workers excluded if they had 
previous noise exposure 

during other jobs, otologic 
abnormalities.

Barns ft
Robinson.
1970

759 noise-exposed workers and 
97 non-noise exposed controls 
f a n  a variety of occupations. 

Subjects were volunteers. 
422 males 

337females

Exposed daily to 
steady state noise 

for periods o fnp lo  
50 years.

Excluded individuals with 
existing or previous ear 
disease or abnormality, 

exposure to firing weapons, 
workers whose noise exposure 
could not be <|nmHfrrf and 

those with language 
difficulty.

"Lempert and Henderson. 1972.



induced bearing handicap as a basis for establishing health 
based occupational standards. The following summary of the 
study methods is from a N1QSH technical report by Lempert 
and Henderson (1973).

L STUDY METHODOLOGY
A. Survey population

In 1968, the U.S. Public Health Service undertook a na
tionwide studÿ, called the Occupational Noise and Hearing 
Survey (ONHS). The stuffy was continued and completed by 
NIOSH in 1972. The aim of the survey was “to characterize 
noise exposure levels in a variety of industries, to describe 
die hearing status of workers exposed to such noise condi
tions, and to establish a relationship between occupational 
noise exposure and hearing handicap that would be appli
cable to general industry.”  Subjects for the study were re
cruited through notices at industrial hygiene conferences and 
through the regional offices of the UJS. Public Health Ser
vice. All companies interested in participating were consid
ered if certain priority considerations applied. These in
cluded (1) existence of a factory or occupational noise 
conditions having noise levels relevant to developing noise 
standards and criteria, and (2) a work force with a wide range 
of years of exposure to such noise levels.

The data collected in the survey included noise measure
ments, personal background information, medical and oto- 
logical data and audiometric examinations. Noise level mea
surements (using Bruel-Kjaer Sound Level Meters) were 
taken at different areas of each plant and tape recordings 
were used for laboratory analysis of noise characteristics. A 
questionnaire was used to obtain information on each work
er’s job history, military service, hobbies, and medical his
tory pertinent to ear abnormalities and hearing difficulty. An 
otoscopic inspection of the ears was also made, usually after 
die completion of the questionnaire. Measurements of hear
ing levels (using a Rndmose RA-108 audiometer) for pure 
tone frequencies of 0.5,1, 2, 3,4, and 6 kHz in die right and 
left ears of the workers were conducted in a Rndmose audio
metric travel van (model RA-113). Workers from noisy 
workplaces were always tested at die beginning of their work 
shift

For plants with less than 500 employees, the entire work 
force was tested. For larger plants, a random sample was 
selected. Individuals from each plant who worked in offices 
or other quiet work areas were also included in the survey to 
provide control data.

B. Screened population for analysis
The survey population was “ screened”  to exclude indi

viduals with prior noise exposure (from occupational and 
non-occupational sources) and medical or otologic condi
tions that might affect a person’s risk of hearing loss, inde
pendent of occupational noise levels at the time of the sur
vey. Criteria for data exclusion included (I) uncertainty in 
the noise exposure history or validity of audiometric tests 
and (2) evidence that hearing loss might have been caused by 
factors other than occupational noise exposure (e^., military 
history, other non-occupational noise exposures, head

trauma, other audiological/otologic medical conditions). 
Workers exposed to noise that was not continuous (e.g., dis
crete impact sounds or noise with highly variable and unpre
dictable levels) and all maintenance workers were also ex
cluded. Due to die relatively small number of females in the 
survey population, all analyses were limited to 1172 males 
(792 noise-exposed and 380 controls).

C. Variable definitions
1. Definition o f hearing handicap

The major outcome of interest is hearing handicap, de
fined as a biaural average hearing threshold level of greater 
than 25 dB for a selected set of frequencies. In tins analysis, 
the set of frequencies includes (a) 0.5,1, and 2 kHz, (b) 1,2, 
and 3 kHz and (c) 1,2, 3, and 4 kHz (heron denoted as 1-4 
kHz). The 1-4 kHz frequency average was recommended by 
an A m erican  Speech-Language-Hearing Association 
(ASHA) Task Force (ASHA, 1981), which focused on die 
need to indude frequencies most affected by noise exposure. 
The ASHA Task Force recommended that percentage formu
las should include hearing threshold levels for 1, 2, 3, and 4 
kHz, with low and high fences of 25 and 75 dB, representing 
0 percent and 100 percent hearing handicap boundaries, re
spectively (ASHA, 1981). In this analysis, the ASHA recom
mendation was modified by calculating a weighted average 
across frequencies rather than an arithmetic average over the 
test frequencies of 1,2,3, and 4 kHz. Weights were assigned 
according to frequency specific articulation indexes (ANSI, 
1969). The articulation index (AI) is a weighted fraction rep
resenting (for a given listening situation) the effective pro
portion of the speech signal that is available (above a mask- 
ing noise level or hearing threshold) to a listener for 
conveying speech intelligibility (ANSI, 1969).

Average hearing threshold levels (HTL^g) using the ar
ticulation indexes as weights were calculated [Eq. (1)] and 
then averaged over both ears:

  hTL|«Wi K  ~f~ Ifll^ t Wa

H rL ^ t = W i + W2+ W i +W 4 •

(1)
where, W, = 0.24, W2=  038, W3=  034, and WA=  024 are 
die weights at 1, 2, 3, and 4 kHz, respectively. This defini
tion will be referred to as the **1—4 kHz AI average”  defi
nition of NIHH.

2. Measurement of noise exposure
Daily 8-hour time-weighted average (TWA) noise expo- 

sure was estimated for each worker or worker group using 
(1) area survey samples, (2) interviews with workmen and 
supervisors to establish typical workday patterns and (3) 
time-study charts. These charts segmented the workday into 
a succession of exposures at specific noise levels and for 
specified durations. Discussions with both management and 
workmen were necessary to determine changes in noise ex
posure over the course of many years. Consideration was 
given to variations in occupational noise conditions due to 
placement or relocation of machinery and as well as changes 
in workers’ work routine and locations. The reported noise
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TABLE m . Covariates considered for inclusion in the analysis of tbe 
NIOSH survey.

Variables Coding conventions

Age at examination Continuous variable: age in yean

Categorical:*
17-27 years 
28-35 years 
36-45 years 
45—54 yean 
>54 years

Duration of noise Continuous variable: duration in
exposure yean

Categorical:** 
0-1 yean 
2—4 years 
5-10 yean 
11-20 years 
>  20 yean

Sound level, 1 ^  , A-weighted Continuous variable
8-hour, time-weighted "Centered” at 1«, dB: ( 1 ^ —1^)
Avenge (TWA) L„ was initially fixed to 79 dB
sound level—dB, where but then in models
1w ~average sound levels for 

exposed workers;
L v =average sound levels fo r 

control population

presented in die texL

•Categories were tbe none as NIOSH. 1972.
*111 die 1972 NIOSH analysis, those exposed to noise for less dun 6 months 
were coded as “0”  for duntioa of exposure. In die current analysis, con
trols were coded as "0** for duration of exposure and exposed individuals 
with less than 6 months of exposure were given a value of 0-25.

levels for the study population represent A-weighted eight 
hour TWA sound levels calculated assuming a 5 dB ex
change rate (i.e., 5 dB increase in sound level is exchanged 
against a factor of 2 in duration within the workday). All 
levels were measured with sound level meters set to “ slow” 
response. The A-weighted daily noise levels were available 
on the 792 noise-exposed individuals but not available for 
the 380 controls. Although sound levels for the control popu
lation were not recorded, they were reported to be below 80 
dB (Lempert and Henderson, 1973).

3. Other covariates

Other covariates of interest in this paper were age and 
duration of exposure in years. Tbe risk of hearing handicap 
was examined in relation to die covariates defined in Table 
m . For models that included categorical variables for age 
(reference: 17-27 years) and duration (reference: 0-1 years), 
four indicator variables were created for different levels of 
age and duration exposed (Table III). For models that in
cluded continuous variables for duration exposed, all con
trols were reassigned a duration value of zero because it was 
assumed that duration has no effect on the bearing of the 
controls. Exposed individuals with less than six months were 
coded as 0.25 years (midpoint between 0 and 0.5 years).

Logistic regression models were used to analyze hearing 
handicap, defined as the proportion of individuals whose bi- 
aural hearing level is greater than 25 dB for averages over 
selected frequencies. These logistic regression models were 
fit using the SAS LOGISTIC procedure (SAS Institute, Inc., 
1989) and the nonlinear minimization (NLMINB) routine in 
S-PLUS (Statistical Sciences, Inc., 1993).

Stratified contingency table analyses (Breslow and Day, 
1980a) w oe performed to assess these data for qualitative 
evidence of hearing handicap due to exposure to noise after 
controlling for age. The 2X2 contingency tables were strati
fied by one year age groups and the prevalence of bearing 
handicap among tbe three noise-exposed categories of 80-84 
dB, 85-89 dB, and 90-102 dB were contrasted to the preva
lence among controls. One-sided tests for detecting increased 
rides were computed »sing Mantel—Haenszel methods. Fur
ther details of this method are found in Breslow and Day 
(1980a).

The quantitative relationship between hearing handicap 
and the covariates (defined below) was modeled using logis
tic regression methods (Breslow and Day, 1980b). These 
models can be expressed as

e F i X , a , f i . * . L 0 )

P = M Y = \ \ X ) =  l+eFtX:a^ ) . (2)

where, p —the expected proportion with average hearing 
level greater than 25 dB (indicated by K =I), given X. (Y 
= 0 indicates an average hearing level is less than or equal to 
25 dB);

X =a vector of explanatory variables containing infor
mation on age, sound level, and duration of exposure;

F (X ;a ; f i ; ^h 0) = a + f i l (Age) + [ 0 ,  (L ^ -L * )*],
(3)

where
LnE= A-weighted 8-hour TWA sound level for noise- 

exposed workers in dB;
L*)=parameter for nominal TWA sound level in control 

population in dB; 
shape parameter on dB effect;

or—intercept parameter;
0i = slope coefficient for age effect;
$ 2,= the slope coefficient for die jth  duration of expo

sure (years) interval, where 7 = 1,2,3 represent ex
posure intervals of 2-4  years, 5-10 years, and 
>  10 years of exposure, respectively.

1. model development

The first step in the analysis was to fit several hierarchi
cal logistic regression models and compare nested models 
using likelihood ratio tests (LRTs) to identify which param
eters significantly improved the fit to the data (Fienberg, 
1987). The fit of the model to the data was evaluated using a 
likelihood ratio test and examining the log likelihood statis
tic, G, which is defined by the expression

G = -2 X { r logp + ( l-y ) lo g ( l-p )} , (4)

D. Statistical models
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where the summation is over all individuals in the sample 
(Breslow and Day, 1980b).

In general, die lower the value of G, the better the fit 
between die model and die data. Differences in G statistics 
for nested models may be interpreted as chi-squares 
(Breslow and Day, 1980b).

To be consistent with the methodology used in the 1972 
NIOSH Noise Criteria Document (NIOSH, 1972), the model 
was initially fit assuming that the sound level for die control 
population ( 1 ^  was 79 dB and the shape parameter (¿ )  was
I. This was accomplished by first fitting models with main 
effects only and then adding interaction terms between (a) 
duration exposed and daily TWA sound level (L); (b) dura
tion exposed and age; and (c) age and sound leveL These 
interaction terms tested whether there should be allowance 
for differing slopes by levels of other variables. Models with 
linear main effect of age, duration exposed, and sound levels 
were fit with an assumption that all control 8-hour TWA 
sound levels ( Lq) were 79 dB. This assumption was made 
because individual noise exposure data for controls were un
available but were known to be less than 80 dB (Lempert and 
Henderson, 1973). Other models with categorical main ef
fects o f age and duration were also examined. The final steps 
of the analysis involved further model refinements that in
cluded (1) assuming there is a nondecreasing relationship of 
prevalence with sound level and duration; (2) refitting func
tional fbnns identified by the LRT strategy accordingly; (3) 
assuming more flexible models for incorporating the effects 
of sound level by permitting the shape parameter (^ ) to 
vary; (4) permitting the control sound level (L )̂ to vary from 
79 dB; and (5) conducting sensitivity analyses o f the impact 
of critical assumptions.

A final fonn of the model was fit such that all the pa
rameters (including Lq and ^ ) were solved for simulta
neously. This model form was fit with the following restric
tion: the control level, was bounded at SS dB and 79 dB. 
For the final model, a two-sided 90 percent confidence inter
val was calculated for several noise levels nsing the paramet
ric percentile bootstrap method (Efron and Tibshirani, 1986; 
Efron, 1982). The same restrictions on w oe applied to 
1000 bootstrap samples generated to obtain the confidence 
limits for excess risk. Graphical displays of bootstrap-based 
confidence limits were smoothed nsing localized linear re
gression smoothers in S-PLUS (Statistical Sciences, Inc., 
1993).

2. Excess risk estimation

Excess risk for a particular age is defined as the differ
ence between the risk o f hearing handicap for the noise- 
exposed population, given exposure duration, and the expo
sure sound level, (where >  L^), «id the risk of 
hearing handicap among controls. The excess risk associated 
with exposure to noise evaluated at a given age was esti
mated from logistic models using the following relationship:

Excess Risk=Pi[K= l|age, duration, and intensity

of exposure] —Pi[ K =  1 Jage, control]. (S)

Hence, excess risk is assumed to be equivalent to the in
crease in risk of hearing handicap associated with noise ex
posure.

3. Sensitivity analyses
Sensitivity analyses were performed to examine how 

model assumptions may affect the results (ix*. excess risk 
estimates). Assumptions evaluated in this analysis included 
(1) die shape of die dose-response relationship; (2) the sound 
level, Lq, for the control population; and (3) the effect o f 
using different definitions of hearing handicap. The first two 
issues were addressed during model development, where 
each assumption was varied while die other remained fixed.

A comparison of how excess risk estimates varied with 
different definition of hearing handicap was also examined in 
this analysis. The new definition (1 -4  kHz A1 average) was 
compared to definitions previously used by NIOSH (1972)— 
biaural hearing levels averaged over 1-3 kHz and 0.3—2 
kHz. The analyses of different hearing handicap definitions 
were based on our final model for each definition of hearing 
handicap: the model in which the control sound level (Iq) 
and shape parameter (^ ) were simultaneously estimated.

■L RESULTS

Figure 1 shows the hearing threshold level distributions 
(10th, 50th, 90th percentiles) for different frequencies by age 
and sound level categories for exposed and control workers. 
All hearing thresholds shown are averages over the left and 
right ears. Data are classified into five age groups and three 
noise exposure categories (80-87 dB, 88-92 dB, 92-102 
dB). The boundaries for the age and sound level categories 
w oe selected to provide adequate sample size (Le., at least 
30) in each cell. Sample sizes for the noise-exposed [n(tf£)] 
groups are provided for each graph with median exposure 
duration. The sample sizes for the controls [«(C )] are die 
same within age groups (shown in top panel of each col
umn). The graphs show similar exposure durations within 
each age cell and increasing trends for median hearing 
threshold levels with age and sound level. In all cases, con
trol bearing threshold levels are lower than the noise- 
exposed population. The tendency of median hearing thresh
olds to increase with increasing age and sound level is also 
illustrated. The spread of the distribution (given by the 10th 
and 90th percentiles) is most marked at 3 and 4 kHz.

A scatter (dot of the ONHS data showing years of dura
tion versus TWA sound level, L ^ , is presented in Figure Z  
The vast majority of the data points are at sound levels above 
8S dB. Almost 50% o f the noise-exposed population had 
8-hour TWA sound levels between 85 and 89 dB, while only 
27% were exposed below 85 dB. There are also very few 
data points corresponding to 40 or more years of noise ex
posure. This lack of data in the low exposure region (80-84 
dB) and among workers with long duration of exposure 
(>  40 years) imposes limitations for quantifying the risks 
for workers exposed to noise throughout their working life
time (e*g  ̂ 45 years, assuming a worker starts work at 20 
years of age and ends at 65 years).
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FK3. 1. Distribution of haring levels (10th. 50th. and 90th percentiles) by age and avenge daily sound level CUc) categories from the NIOSH 1968-72 
carvey.

Despite the limited amount of data in the low exposure 
region, the Mantel-Haenszel age-stratified analysis provided 
evidence of positive excess risk associated with sound lew is 
ranging from 80 to 84 dB ip =0.02), as well as 85 to 89 dB 
(p=0.02) and 90 to 102 dB (p<  0.001).

Age was found to be a highly significant predictor of 
hearing handicap due to noise whether it was modeled using 
a continuous variable (* 2=211, d f - l )  or a set of categori
cal variables (jr2=213, d f= 4). The fitted categorical effects 
for age suggested a linear trend (data not shown). This trend 
was also apparent when models including sound level and 
duration w oe fit Therefore, the simpler models with linear 
effects for age (as a continuous variable) were subsequently 
considered in the final models. The addition of either years 
of exposure or sound level ( L ^ ) significantly improved the 
fit erf the model containing age. The addition of both terms 
further increased the goodness of fit A statistically signifi
cant interaction (^2=29.6. <//=4) was observed between 
sound level and categories of years of exposure. No signifi
cant interactions between age and duration exposed, nor age 
and sound level were observed in this data set

Based on this preliminary analysis, the best fitting linear 
model is a function of continuous age, categorical levels of 
duration of exposure, -and sound level. However, this model

initially appeared to be inappropriate for risk assessment be
cause the excess risk of hearing handicap predicted by this 
model decreased over limited ranges of sound level and du
ration of exposure. For example, die parameter estimates of 
this model suggested that the risk of hearing handicap was 
lower for individuals with greater than 20 years of exposure 
than it was for individuals with 11-20 years of exposure 
when the sound level was above 90 dB. We found no statis
tically significant difference between die fit of the model that 
combined the two highest duration categories (11-20 years 
and >  20 years combined to >  10 years) and the model with 
separate parameters for each duration category. This sug
gested that risks remain essentially flat after 10 years of ex
posure, and that these two categories could be combined. 
This initial model was further refined to describe predicted 
risks of hearing handicap as a nondecreasing function of ex
posure duration and sound level. The models also assume 
that the effects of sound level depend on durations greater 
than or equal to two years.

To test whether a linear sound level effect (^=1) ad
equately described the relationship between noise exposure 
and risk of bearing handicap, higher order terms for the 
sound level effect were tested in the analysis. Using a qua
dratic sound level term for exposure (^ =2) appreciably im
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FIG. 2. Scatter plot of exposure n n d  k rd s  (l^e) ; a p oHre (kntw u of 792 M ce-eipuKd r o tan  b n  the NIOSH 1968-72 aarvey.

proved the goodness of fit of the model relative to the linear 
model. Using a cubic sound level term (^= 3 ) resulted in 
only a slight improvement in the goodness of fit over (be 
quadratic modeL The final results from fitting models with 
linear, quadratic, or cubic sound level terms and assuming 
control sound levels, Iq , of 79 dB arc presented in Table IV. 
Also shown are the results from fitting a final model in which 
the control value and the shape parameter were found to be 
73 dB and 3.4, respectively (model 4, Table IV). Model 4 is 
denoted as the “best fitting model,*’ because it produced (be 
best fit to die data. These results indicate considerable vari
ability in excess risk estimates depending on model form and 
is likely due 10 lade of data at lower sound levels. Hus was 
most marked at average daily sound levels less than or equal 
to 85 dB. Figure 3 presents excess risk estimates with 
smoothed 90 percent confidence limits for 65-year-old males 
with greater than 10 years of exposure as a function of sound 
level for the “best fitting model”  (model 4).

A. Sensitivity analyses

f. Assumption regarding control B-hour TWA mound 
levels

To examine tbe sensitivity of risk estimates to the as
sumed sound level for the control group, the value of L« was 
varied from 60 to 79 dB and optimum values of tbe shape 
parameter, were estimated. As Lq is varied, there is very 
little variation in tbe log likelihood statistic, G, whereas tbe 
excess risk estimate for noise exposure at a level of 80 dB 
varies between 0.06 and 2.9 (Table V). Tbe results also show 
that the optimum value of ^  decreases considerably as tbe 
assumed value of I*  increases. This analysis suggests that 
information regarding tbe distribution of occupational sound 
levels within tbe control population is important in estimat
ing tbe risk of noise-induced handicap in noise-exposed 
populations. The variability of excess risk estimates below 
85 dB seen in Fig. 3 may be attributed to the lack of accurate

TABLE IV. Excess risk percent of aoase-jadoced hearing handicap far workers aged 65 with 10 or ncxe yean of aobe exposure «  various tiuiL-weighted 
average sound levels for linear, quadratic, cabic. and best fitting models.

Exposure
sound
1---»cv n

(L * )» d B

Excess risk estimates for various aaodels

Quadratic 
(model 2)

#=2

Cubic 
(model 3)

#= 3

Best fining
Linear dB nodds (*= 1)

(model 4 f 
*=3.4

Ih u u t
analysts NIOSH (1972)

80 0 l2 0 j02 1.2 3.4 3
85 83 3l2 1A 19j6 15
90 24.5 17J 223 y u . 29
95 28_5 36l2 383 4a6 43
100 44.1 4 1 J 44j0 4 5 J 56

"Risk estimates can be generated n o g  the following equation: Logit \T riY >  25 dB HL)] «  -5X857 + 00612(Age) + (Duration=1)H( L ^ -U V  
(102-73) 1*. where. /$  =  2^653, 3.989, and 6.4206, respectively. fo tfte /A  duration of exposure for 2—4 jean , 5-10 yean, aid  >10 years, n p ec tn d y  
and Y is die AI-*eigfcied faiaunl average over 1-4 kHz. For the l o t  fitting wodrl, ^  was etfimalrd to be 1 4  and L* = 73 dB. The term (102-73) m Ae 
denominator of fte coefficient describing the effect of deration and w a d  level, standanfczes the exposure fam  «eh  to t fte  ■uiimam exposure equals o k . 
This was done for ease of conn orison to with differing for 1« and 4-
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TABLE V. Excess risk percent of bearing handicap from logistic regression 
models assuming different sound level values for controls with correspond
ing shape parameters; Male worters aged 65 with duration exposure greater 
than 10 years.

Control sound levels (L* ) in dB and corresponding shape
Exposure parameters (*)

sound
level 60 65 70 75 79

(I*«) indB (*=5.46) (*=4.67)I (*=3.88) (*=3.10) (*=2.49)

80 2.9 2.4 1.8 0.8 006
85 9.6 9.1 83 7.0 5.2
90 23.4 23.2 22A 22.1 21.0
95 39.2 39.0 38.6 38.1 373
100 45.2 44.9 44.4 43.6 42.6

likelihood 1039.794 1039.715 1039.645 1039.631 1039.754
statistic, G

sound level data among control subjects and the sparseness 
of the data for workers exposed at sound levels below 85 dB.

2. Definition o f hearing handicap
To examine whether excess risk estimates varied by the 

definition of hearing handicap used, we compared the 1-4 
kHz AI average definition to two other definitions using (he 
same fence (>  25 dB HL), die unweighted biaural frequency 
averages of 0.5-2 kHz and 1-3 kHz. All three definitions 
were examined using a model that included age and a dose 
metric effect defined as ( L ^ — times duration catego
ries (e.g., 2-4, 5-10, and >10 years). The resultant esti
mated shape parameters for the 0.5-2 kHz and 1-3 kHz 
biaural averages were 43  and 4.9, respectively, with Lq 
equal to 55 dB for both.

Under these models, excess risk estimates were affected 
by both die definition of hearing handicap and die age of the

worker. We also found that changing from the articulation 
index to a simple average of 1—4 kHz did not substantially 
affect excess risk estimates (results not shown). For workers 
aged 65 years (with >  10 years of exposure), excess risks for 
the 1-3 kHz definition are high»' than excess risk for the 
new definition, particularly for sound levels above 85 dB 
(Fig. 4A). However, among workers aged 45 with similar 
years of exposure, excess risk estimates are similar for all 
sound levels for the 1—3 kHz definition and the new defini
tion (Fig. 4B). For younger workers (aged 30 years) with 5 to 
10 years of exposure, excess risk estimates for the definitions 
that included 3 kHz and/or 4 kHz, are similar for all sound 
levels (Fig. 4C).

IV. DISCUSSION

The results of these analyses indicate that there is an 
excess risk of noise-induced hearing handicap (NIHH) at 
8-hour time-weighted average (TWA) sound levels greater 
than or equal to 85 dB. The excess risk below 85 dB was not 
well defined in our analysis. However, the Mantel-Haenszel 
test result suggests that there is a positive and statistically 
significant excess risk at levels between 80 and 84 dB.

These findings also indicate two major areas of uncer
tainty for quantifying the risk of noise-induced hearing 
handicap. The first concerns the sensitivity of the analysis to 
the assumed sound level for the control group ( 1^). The 
second relates to the shape of the dose-response relationship 
between the sound levels among the noise-exposed group 
(¿me), duration exposed, and the risk of NIHH. Risk esti
mates woe found to vary considerably for values of 
below 85 dB, depending cm the assumed control sound level 
(Lq ), and the shape parameter (0 ) for the sound level effect 
(e.g., linear, quadratic, or cubic) in the models.

Sound Level to <B

HG. 3. fa « 1*» risk (percent) of bearing (¿/-weighing. 1—4 kHz) and bootstrap-based 90% confidence limits from model 4 (Table IV) far 65-year-old
males exposed far greater than 10 years to vatying levels of noise (L ^ ).
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The previous NIOSH (1972) estimate of excess risk for 
a 40-year working lifetime of exposure to noise was approxi
mately IS percent at 85 dB. A linear régression model of log 
bearing levels was used in the previous analysis (NIOSH, 
1972) to estimate the risk of hearing handicap. NIHH was 
defined as an average biaural hearing level greater than 25 
dB based on unweighted averages of 0.5-2 kHz or 1-3 kHz. 
The model described in the 1972 NIOSH criteria document 
(NIOSH, 1972) is mathematically equivalent to a probit 
model in which the risk of a hearing level greater than 25 dB 
is of interest The results from the previous NIOSH analysis 
(NIOSH, 1972) also appear to be consistent with the assump
tion that the control group was exposed to sound levels near 
79 dB.

It is clear that models which include a quadratic or cubic 
effect for die sound level effect fit significantly better than 
the linear effect model and produce lower excess risk esti
mates for sound levels below 85 dB than similar models used 
in the 1972 NIOSH analysis (NIOSH, 1972). As shown in 
Table TV, the point estimates of excess risk at 85 dB from die 
quadratic and cubic models are 8 percent and 3 percent, re
spectively. The quadratic and cubic models fit better than the 
linear model, mainly due to the effect of sound level in the 
low exposure region. For sound levels less than or equal to 
90 dB, the excess risk estimates from fitting a linear model 
(Table TV) are slightly higher than those in die NIOSH 
(1972) analysis. Thus, the disparity in excess risk estimates 
presented in Table IV may be attributed primarily to the 
different functional forms (Le., shape of the sound level ef
fect) of die fitted models. The logistic model used in this 
analysis assumes the existence of a plateau in risk after 10 
years of exposure duration.

The analysis comparing different indicators of NIHH 
show that patterns of excess risk as a function of average 
daily sound level depend on age. Differences in excess risk 
were nominal for die 1—4 kHz average, irrespective of 
whether HTLs were weighted by the frequency-specific ar
ticulation indexes. These differing results by age may be 
attributable to the fact that the effect of aging on risk of 
hearing handicap may overshadow any incremental increases 
in excess risk due to noise exposure. In the upper range of 
duration and sound level, the dose-response curve shows 
signs of a plateau effect The analysis also suggests that the 
effect of sound intensity and duration of exposure is depen
dent on frequency. Hearing damage at 3 and 4 kHz is ex
pected to occur sooner than loss at lower frequencies (0.5,1, 
or 2 kHz). Definitions that exclude the higher frequencies 
tend to. be less sensitive to noise damage and may require 
longer durations of exposure to a given sound level to see 
significant excess risks in the population.

Figure 4A and B suggests that the most suitable defini
tion of hearing handicap may depend on the population char
acteristics, such as age, exposure duration, and degree of 
hearing handicap already accrued, as well as whether one 
chooses to identify preclinical or later stages of hearing 
handicap. The addition of the most sensitive frequencies to a 
hearing handicap definition is a valid option if the goal is to 
have a measure that addresses both prevention and identifi
cation of hearing handicap

A. Data limitations
The cross-sectional design of this study presented limi

tations for estimating die risk of noise-induced hearing 
handicap. For example, the 8-hour TWA sound levels, ¿ NÊ 
were determined at one point in time and are assumed to be 
representative of exposure over the entire length of an em
ployee’s job experience. This may have introduced a sub
stantial source of error in the estimation of . As a means 
of reducing this error, die screened ONHS population in
cluded only workers who remained in the same job for the 
entire time that they worked at the study facility. These 
workers were then assigned an 8-hour TWA sound level 
based on noise measurements and job activities at the time of 
the survey. It is possible that larger errors in estimating 
8-hour TWA sound levels over a long period of time may 
have occurred for workers with longer durations of exposure. 
It is also possible that die workers with long durations in
cluded in this studÿ represented a population which may 
have been less sensitive to the adverse effects of noise on 
hearing. This may have contributed to the observed decrease 
in risk with increasing sound level, for durations
greater than 20 years. Hence, the cross-sectional design of 
the survey introduces areas of concern for predicting NIHH 
risks over a working lifetime.

B. Modeling caveats
The data limitations described above also placed limita

tions on the modeling approach and interpretations presented 
in this paper. One data limitation with implications for mod
eling the risk of noise-induced hearing handicap, was the 
lack of information on the distribution of 8-hour TWA sound 
levels among the control population. This is a crucial omis
sion because all excess risk estimates depend on die risk of 
handicap among workers with low levels of occupational 
noise exposure (in this study, defined as exposure to sound 
levels less than 80 dB).

Due to this lack of data, a very simplistic assumption 
was made: sound levels in the control population could be 
represented by a single number. This is problematic in terms 
of model interpretation. First, it ignores the possibility that 
there may be a distribution of sound levels below 80 dB for 
this population. Second, this assumption results in a model 
that implies that the estimated value (Lq) is a threshold 
sound level at which no excess risk of noise-induced hearing 
handicap is predicted regardless of the duration of exposure. 
Ifence, the statistical criteria used in model development are 
valid only if all of the controls were below a defined thresh
old.

These modeling issues underscore the fact that all mod
els are likely to be dependent on assumptions used to ac
count for uncertainty in the available data. This analysis did 
not model hearing threshold levels as a continuous variable. 
Therefore, calculation of NIPTS using these models are not 
possible. The analysis also did not extensively explore other 
possible shapes for die sound level function other than 
(Z*he—L®) .̂ Furthermore, modeling exposure duration as a 
categorical variable limits finer examination of the relation
ship of duration of exposure on risk of hearing handicap.
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The models described in this paper were developed on 
the basis of this particular data seL Inferences based on the 
(WHS data set are also limited by its cross-sectional nature 
and the fact that exposure data was absent for the control 
population exposed to 8-hour TWA sound levels below 80 
dB. As a result« the use of this model for other data sets with 
differing characteristics and different methods of data collec
tion would not necessarily provide similar results.

C- Comparison off new risk estimates to ANSI S144

Given this updated analysis of the NIOSH (1972) data, h 
is of interest to compare these results to estimates generated 
using methodology developed by the International Standards 
Organization (ISO 1971, 1990). which was adopted in the 
ANSI S3.44 standard (ANSI, 1996). This standard was is
sued to provide a more accurate and more generalized model 
of the relationship between NUTS and occupational noise 
exposure for people at different ages and duration of expo
sure. ANSI S3.44 (ANSI, 1996) provides mathematical pro

cedures for estimating hearing handicap due to noise expo
sure for populations free from auditory impairment (other 
than that due to noise).

The data from studies by Passdner-Vermeer (1968) «id 
by Bums and Robinson (1970) are the basis of die ANSI
S3.44 (ANSI, 1996) standard for estimating NIKI'S. As with 
the NIOSH (1972) study, most of die noise-exposed workers 
were exposed to daily noise levels ranging from 85 to 95 dB.

The Passchier-Vermeer (1968) and Robinson (1970) 
models are represented by different mathematical equations 
which include an aging (non-noise) component in dB and a 
N1PTS component in dB. For each model, the equation for 
NIPTS was determined by age correcting the noise-exposed 
workers' hearing threshold levels to get the NIPTS compo
nent. An empirical equation was developed for NIPTS in 
terms of noise level and exposure time. For each model, the 
aging and NIPTS components were combined to compute 
total hearing threshold level in dB (ANSI, 1996). A simple 
arithmetic average of die NIPTS values of Passchier- 
Venneer and Robinson are used to predict NIPTS for ANSI
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FIG. 6- Bootstnp-based 90% lower and upper confidence Htnta far excess risk (Al-wnghtmg, 1-4 kHz) as a function of sound level (Lie) acconling to 
model 4 (Table IV), ia comparison with corves d a ived from ANSI S3.44.1996 wring Annex A diabase. P nel A: age 65 yean, exposure duration 45 years. 
Panel B: age 45 years, exposure duration 25 yean .

53.44 (ANSI, 1996). Johnson (1978) provides the methodol
ogy used to develop risk percent calculations using the per
centage of die population expected to exceed a specific hear
ing threshold level (e.g., 25 dB) for a given population.

The excess risks generated from our analysis of the 1—4 
kHz AI definition are compared to excess risk estimates gen
erated using the ANSI S3.44 (ANSI, 1996) methodology and 
Annex A as die unexposed population. Annex A was chosen 
over Annex B since the NIOSH study population was highly 
screened. Hence, the Annex A highly screened control popu
lation is the most appropriate comparison to our study popu
lation. As shown in Fig. 5, excess risk estimates from our 
best fitting model are similar to those estimated by ANSI
53.44 (ANSI, 1996) for workers aged 65 years with 45 years 
of exposure. However, among workers aged 45 years with 25 
years of exposure, excess risk estimates at sound levels 
great«’ than 90 dB are higher for this analysis as compared to 
ANSI S3.44 (ANSI, 1996). These results particularly in the 
range of 80-90 dB are not surprising given the similarities in

study design, data collection and time period for all of these 
studies. Although these are qualitative comparisons, the dif
ferences in estimates of lifetime excess risk between ANSI
S3.44 (ANSI, 1996) and this analysis do not appear to be 
substantial. This is illustrated in Fig. 6, which shows that 
excess risk estimates generated from ANSI S3.44 are located 
between the bootstrap-based 90% upper and lower confi
dence limits from the best fitting logistic model. At age 45 
years and 25 years of exposure, excess risk estimates below 
89 dB are within the lowo* bound of the confidence limits 
from the logistic model. Thereafter, point estimates from 
ANSI S3.44 are found to be lower, particularly at sound 
levels greater than 92 dB.

For other definitions of hearing handicap (0.5-2 kHz 
and 1-3 kHz), ANSI S3.44 estimates of excess risk are con
siderably lower at 85 dB for workers aged 65 years with 25 
years of exposure. For the 0.5-2 kHz definition, excess risks 
at 85 dB from our logistic model and ANSI S3.44 (ANSI, 
1996) are 12% and 1%, respectively. For die 1—3 kHz defi-
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nition, the values are 16% for oar model and 4% using ANSI
S3.44 (ANSI, 1996) methods. At 80 dB, ANSI S3.44 gener
ates excess risks of 0% for both definitions, while «rimatps 
from this analysis axe 5% and 6% for die 0 3 -2  kHz aod 1—3 
kHz definitions, respectively. Some of the divergent results 
may be due to differences in population characteristics of the 
studies used to generate excess risks. The NIOSH data set 
represented a heterogeneous population of workers from a 
variety of geographic regions and worksites within the 
United States. The study populations used to develop the 
ANSI S3.44 (ANSI, 1996) models were likely to be more 
homogeneous with respect to industry, demographic and so
cioeconomic (e.g_, access to medical care) characteristics.

D. Future cfirectiorts and data needs

This analysis indicates a need to collect and malyze data 
from populations exposed to noise at sound levels below 85 
dB to learn more about the shape of the dose-response rela
tionship below 85 dB. Like nmilar studies conducted in the 
late 1960 and early 1970’s, the screened ONHS data set had 
few subjects with exposures at levels below 85 dB. This 
contributed to a high degree of instability in the risk esti
mates as the modeling assumptions were varied. Although 
logistic modeling techniques were used in this analysis, other 
methods for evaluating excess risks can reasonably be ap
plied to these data. Nonetheless, it seems plausible that the 
observed instability below 85 dB would persist using ocher 
modeling methods. Risk estimates in the range of 88—95 dB 
are probably more reliable than the estimates for the lower 
ranges of sound level. More recent longitudinal data sets 
may be useful in examining risk below 85 dB. To examine 
whether noisc-induced bearing handicap remains a problem 
for workers enrolled in OSHA-mandated hearing conserva
tion programs (Department of Labor, 1981a,1981b), we are 
currently examining appropriate longitudinal audiometric da
tabases. The present analysis indicates that new studies 
should be implemented to (I) characterize noise exposure for 
presumably “non-noise”  or low noise populations (includ
ing populations exposed to nonoccupational sources of 
noise); and (2) examine dose-response relationships for noise 
and hearing handicap among workers exposed to noise levels 
below 90 dB.
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